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Context: Female soccer athletes are at greater risk of an-
terior cruciate ligament (ACL) injury than males. Sex differences
in muscle activation may contribute to the increased incidence
of ACL injuries in female soccer athletes.

Objective: To examine sex differences in lower extremity
muscle activation between male and female soccer athletes at
the National Collegiate Athletic Association Division | level dur-
ing 2 side-step cutting maneuvers.

Design: Cross-sectional with 1 between-subjects factor (sex)
and 2 within-subjects factors (cutting task and phase of con-
tact).

Setting: Sports medicine research laboratory.

Patients or Other Participants: Twenty males (age = 19.4
+ 1.4 years, height = 176.5 = 5.5 cm, mass = 74.6 * 6.0 kg)
and 20 females (age = 19.8 = 1.1 years, height = 165.7 =
4.3 cm, mass = 62.2 *= 7.2 kQ).

Intervention(s): In a single testing session, participants per-
formed the running-approach side-step cut and the box-jump
side-step cut tasks.

Main Outcome Measure(s): Surface electromyographic ac-

tivity of the rectus femoris, vastus lateralis, medial hamstrings,
lateral hamstrings, gluteus medius, and gluteus maximus was
recorded for each subject. Separate mixed-model, repeated-
measures analysis of variance tests were used to compare the
dependent variables across sex during the preparatory and
loading contact phases of each cutting task.

Results: Females displayed greater vastus lateralis activity
and quadriceps to hamstrings coactivation ratios during the pre-
paratory and loading phases, as well as greater gluteus medius
activation during the preparatory phase only. No significant dif-
ferences were noted between the sexes for muscle activation
in the other muscles analyzed during each task.

Conclusions: The quadriceps-dominant muscle activation
pattern observed in recreationally active females is also present
in female soccer athletes at the Division | level when compared
with similarly trained male soccer athletes. The relationship be-
tween increased quadriceps activation and greater incidence of
noncontact ACL injury in female soccer athletes versus males
requires further study.

Key Words: electromyography, anterior cruciate ligament,
preparatory phase, loading phase, sex differences

male collegiate soccer athletes did.

quadriceps activation.

Key Points
» During a side-step cutting maneuver, female collegiate soccer athletes demonstrated more vastus lateralis activation than

» Female collegiate soccer athletes demonstrated larger quadriceps-to-hamstrings coactivation ratios than male collegiate
soccer athletes, indicating that the females did not increase their hamstrings activation to compensate for increased

» The sex differences in quadriceps activation and quadriceps-to-hamstrings coactivation ratios observed in recreational
athletes were also present in highly trained and skilled collegiate soccer athletes.

risk factors is an area of great interest due to the in-

creased risk of ACL injury in females compared with
males.!-8 In addition to sex, the risk of ACL injury is also
influenced by the sport in which an individual participates.
Females participating in basketball and soccer at the National
Collegiate Athletic Association (NCAA) level have been
shown to be at greater risk for ACL injury than their male
counterparts.!-2 More recent research shows that the rate of
ACL injury is still higher in female soccer and basketball ath-
letes than in male soccer and basketball athletes; however, the
rate of ACL injury (number of ACL injuries per 1000 athlete-

Understanding anterior cruciate ligament (ACL) injury

exposures) is significantly greater in female soccer athletes
(ACL injury rate = 0.33 per 1000 athlete-exposures) com-
pared with female basketball athletes (0.27 per 1000 athlete-
exposures).” Based on these findings, female soccer athletes
appear to be at greatest risk for sustaining an ACL injury. To
better understand potential risk factors for ACL injury, it is
important to focus research on those individuals who are at
the highest risk, such as female soccer athletes.
Neuromuscular properties that influence the magnitude of
ACL loading are considered possible risk factors for ACL in-
jury. Loading of the ACL may occur in multiple planes, as
anterior tibial translation,'0-16 knee valgus,!” and lower ex-
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tremity rotational'3-20 motions all increase the amount of load
on the ACL. Contraction of the quadriceps!?-1® and ham-
strings!4-16:21-23 myscles greatly influences the development of
anterior tibial shear force and the resulting anterior tibial trans-
lation that strains the ACL. Knee valgus motion is thought to
be influenced by hip mechanics during weight-bearing tasks.
Specifically, the closed kinetic chain theory suggests that ex-
cessive hip adduction and rotation may facilitate increased
knee valgus motion. However, the relationship between knee
valgus with hip adduction and rotation is based on anecdotal
evidence. According to this theory, the magnitude of ACL
loading due to knee valgus and rotational motions may be
influenced by contraction of the gluteus medius and gluteus
maximus, as these muscles have been shown to control hip
adduction and internal rotation during weight-bearing
tasks.24-26 Thus, activation of the quadriceps, hamstrings, glu-
teus medius, and gluteus maximus muscles plays a role in
ACL loading by influencing anterior tibial translation, knee
valgus, and lower extremity rotational motions.

Most research comparing muscle activation amplitude be-
tween males and females has focused on recreationally active
individuals,?7-2° with limited attention focused on those who
are at greatest risk for ACL injury, such as female soccer ath-
letes.30 Investigators of recreationally active individuals have
shown that females demonstrated greater quadriceps activation
compared with males during hopping,?® cutting,?” and lung-
ingZ® maneuvers. Recreationally active females also exhibited
decreased hamstrings activation?’ and altered coactivation ra-
tios of the quadriceps and hamstrings.?® Very few authors have
compared gluteal muscle activation between the sexes. In a
study of track and soccer athletes,' females displayed lower
gluteus maximus activation during a single-leg landing than
males; however, no difference was seen in gluteus medius ac-
tivation. Other authors3? revealed no sex differences in gluteus
maximus and gluteus medius activation during a single-leg
squat task. Gluteal muscle activation during a task that is com-
monly associated with noncontact ACL injury, such as side-
step cutting, has not been investigated. Although these studies
have provided important information about sex differences in
muscle activation, a comprehensive evaluation of muscle ac-
tivation patterns in a group of individuals at great risk while
performing a task commonly associated with ACL injury has
not been performed. Given that activation of those muscles
associated with ACL loading (quadriceps, hamstrings, gluteus
medius, and gluteus maximus) is a possibly important factor
for ACL injury, research is needed to better understand the
potential muscle activation patterns that may put female ath-
letes at greater risk for ACL injury.

Our purpose was to compare the activation amplitude of the
quadriceps, hamstrings, gluteus medius, and gluteus maximus
muscles and the coactivation ratio of the quadriceps and ham-
strings during side-step cutting between male and female Di-
vision I soccer athletes. Two different side-step cutting ma-
neuvers were performed (running and box jump) to determine
if muscle activation of males and females was influenced by
the type of side-step cutting task performed. Also, muscle ac-
tivation was assessed during the preparatory and loading phas-
es of the side-step cutting tasks to determine if the phase of
contact influenced the muscle activation of males and females.

We hypothesized that in comparison with male soccer ath-
letes, female soccer athletes would demonstrate (1) greater
quadriceps activation, (2) less hamstrings, gluteus medius, and
gluteus maximus activation, and (3) increased quadriceps to

hamstrings coactivation ratios. Understanding if sex differenc-
es in muscle activation exist among highly skilled athletes who
are at high risk for ACL injury and who demonstrate the great-
est disparity in ACL injury rates may lend additional insight
into potential factors influencing the sex bias in ACL injury.

METHODS

Participants

We recruited 20 males (age = 19.4 = 1.4 years, height =
176.5 = 5.5 cm, mass = 74.6 = 6.0 kg) and 20 females (age
= 19.8 = 1.1 years, height = 165.7 = 4.3 cm, mass = 62.2
* 7.2 kg) who were NCAA Division I varsity soccer players.
To be eligible for participation, all participants had to meet the
following criteria: (1) between 18 and 25 years of age, (2)
member of the men’s or women’s varsity soccer team, (3) no
previous history of ACL injury, and (4) no serious lower ex-
tremity injury in the past month that required missing practice
for more than 3 consecutive days. Before the study, all partic-
ipants read and signed an informed consent form approved by
the Biomedical Institutional Review Board at the University
of North Carolina, Chapel Hill, which also approved the study.
All testing was performed during the soccer athlete’s off-sea-
son (approximately 6 weeks after the last formal game or prac-
tice) and at least 24 hours after any physical training to min-
imize the possibility of fatigue and lingering muscle
dysfunction associated with previous injury.

Instrumentation

We used an 8-channel Konigsberg surface electromyogra-
phy (EMG) system (Konigsberg Instruments, Inc, Pasadena,
CA) (input impedance = 200 k{), common mode rejection
ratio >70 dB, signal-to-noise ratio >40 dB) and bipolar Ag-
AgCl surface electrodes (Medicotest, Rolling Meadows, IL)
measuring 10 mm in diameter with a center-to-center distance
of 20 mm to record muscle activity. The EMG signal was
amplified by a factor of 5000 over a bandwidth of 0.01 to 500
Hz and passed via an A/D converter (Measurement Computing
Corp, Norton, MA) sampling at 1000 Hz to the storage com-
puter. A nonconductive force plate (model 4060-NC; Bertec
Corp, Columbus, OH) sampled at 1000 Hz was used to iden-
tify ground contact and the stance phase during the side-step
cutting tasks. A Flock of Birds electromagnetic motion anal-
ysis system (Ascension Technologies, Inc, Burlington, VT)
controlled by Motion Monitor data acquisition computer soft-
ware (version 7.0; Innovative Sports Training, Inc, Chicago,
IL) was used to measure horizontal movement velocity during
the cutting tasks.

Testing Procedures

All testing was performed in a single testing session that
lasted approximately 60 minutes. Participants were required to
wear running shoes, athletic shorts, and a T-shirt during test-
ing. The dominant leg of each participant, defined as the leg
used to kick a ball for maximal distance, was the test limb.
Participants rode a stationary bicycle for 5 minutes and then
stretched their quadriceps, hamstrings, and gluteal muscles to
warm up before testing commenced.

Participants were prepared for EMG electrode placement.
The skin was shaved, abraded, and cleaned with isopropyl al-
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cohol to reduce impedance. Surface electrodes were secured
using prewrap to prevent movement artifact and tension on the
cables during the side-step cutting maneuver. Surface elec-
trodes were placed in a parallel arrangement over the muscle
bellies of the rectus femoris (RF), vastus lateralis (VL), medial
hamstrings (semitendinosus and semimembranosus) (MH), lat-
eral hamstrings (long head of biceps femoris) (LH), gluteus
medius (GMED), and gluteus maximus (GMAX). Electrode
placement for the gluteus medius was halfway between the
iliac crest and the greater trochanter of the femur.33 The elec-
trodes for the gluteus maximus were placed 20% of the dis-
tance between the spinous process of the second sacral ver-
tebraec and a point 10 cm distal to the greater trochanter.*
Electrode placement for the quadriceps and hamstrings was
determined by palpating the length of the muscle belly and
identifying the midsection. A reference electrode was placed
on the tibial tuberosity. Proper electrode placement was veri-
fied by performing manual muscle tests and viewing the output
on an oscilloscope (Tektronix, Inc, Beaverton, OR).

The participant was then placed in a seated position on an
isokinetic dynamometer (Biodex Medical Systems, Inc, Shir-
ley, NY) to perform maximal voluntary isometric contractions
(MVICs) for each of the muscles being tested. To obtain
MVIC for the quadriceps and hamstrings, the participant
flexed the knee of the test limb to 45° while performing an
isometric contraction against the lever arm of the dynamom-
eter into extension for the quadriceps and into flexion for the
hamstrings.3* The MVIC testing for the gluteus medius was
performed with the participant in a side-lying position on the
nondominant limb with a hook-and-loop strap over the iliac
crest to provide stability. The hip of the participant’s test limb
was held in 10° of extension and the knee in full extension.
While in this position, the participant pushed against the sta-
tionary lever arm of the dynamometer with maximal effort.
Gluteus maximus MVIC was determined by having the vol-
unteer in a prone position with a hook-and-loop strap placed
over the hips to provide stability. With the knee fully extended,
the participant was asked to extend the leg into the air against
the manual resistance of the tester. This position was chosen
in order for the tester to be able to maintain good leverage
over the athlete during the MVIC. The knee was held fully
extended to prevent the tester’s hand from coming in contact
with the surface electrodes on the participant’s hamstrings.

The MVIC values for each muscle were obtained by col-
lecting 1 maximal 5-second trial3>-3¢ after a series of 3 warm-
up trials performed at 50%, 75%, and 100% of maximal effort.
The first and last seconds of the MVIC trial were removed
from the data to ensure only steady-state results during the
test. The average activity during the middle 3 seconds of the
MVIC trial was determined for each muscle. The average mus-
cle activation amplitude over this time period was then used
to normalize the EMG data collected during the side-step cut-
ting task for each muscle tested. Thus, EMG data were ex-
pressed as a percentage of MVIC (%MVIC). The order of
muscle testing during MVIC assessment was randomized.

After completion of equipment and participant set-up, a
demonstration of both side-step cutting maneuvers (running
side-step cut and box-jump side-step cut) was provided for the
volunteer. During the running side-step cut, the participant had
3.04 m to accelerate before performing the cutting task (Figure
1). The participant performed the side-step cutting task at an
approach speed of 3.04 m/s. A digital metronome (Sabine, Inc,
Alachua, FL) was used to provide an auditory cue for the

participant to maintain the desired approach speed. The met-
ronome was set at 60 beats/min, and the participant was in-
structed to begin running on the first beep and contact the force
plate on or before the second beep. The instantaneous hori-
zontal velocity of the electromagnetic sensor placed over the
sacrum relative to the world was checked to ensure that the
participant’s approach speed was within =5% of the desired
approach speed. We only analyzed trials in which the instan-
taneous horizontal velocity of the sacral sensor was between
2.88 and 3.19 m/s. Upon reaching the force plate, the partic-
ipant performed the side-step cut by placing the foot of the
dominant leg in direct contact with the force plate, making
sure the foot was facing straight ahead, and then cutting 60°
in the direction opposite the planted leg. For example, a right-
leg—dominant participant would plant and pivot to the left at
60°. To standardize the cutting angle, a 1-ft (0.3-m)-wide al-
leyway was marked on the ground extending from the force
plate. The alleyway was placed at 60° relative to the partici-
pant’s forward path of motion before contacting the force
plate. While performing the side-step cutting motion, the par-
ticipant was instructed to place the trail foot (nondominant leg)
in the alleyway, so that the foot contacted the ground pointing
in the direction of the alleyway. Only trials in which the par-
ticipant’s feet met these criteria were analyzed. Trials that did
not meet the horizontal velocity and foot positioning criteria
were discarded and repeated. After completing the side-step
cut, the participants had 8 ft (2.4 m) of available space to
decelerate before running out of laboratory space. This al-
lowed for approximately 3 deceleration steps to be taken fol-
lowing the cutting motion. The participant performed 5 trials
and was allowed a 30-second rest period between trials.

Athletes often change direction of motion after landing from
a jump. In order to simulate this task, participants performed
a side-step cut after jumping off a 30-cm-high box (box-jump
side-step cutting task). The distance between the center of the
force plate and the front of the box was 2/3 of the participant’s
body height (Figure 2). Each volunteer performed this box-
jump side-step cutting maneuver by pushing off the box with
the foot of the nondominant leg and lunging forward onto the
force plate with the foot of the dominant leg. Immediately
upon contacting the ground, the participant cut 60° in the op-
posite direction of the dominant leg, similar to the running
side-step cutting maneuver. The participant performed 5 trials
and was allowed a 30-second rest period between trials. The
order of the box-jump and running side-step cutting maneuvers
was randomized. Before data collection, the participant per-
formed 3 practice trials to accommodate to the cutting maneu-
vers.

Data Processing and Reduction

After acquisition, all EMG data (cutting tasks and MVIC
trials) were band-pass filtered (10 to 350 Hz) and notch filtered
(60 Hz at 1-Hz width) using a Butterworth filter (4th order,
zero-phase lag). The data were rectified and smoothed by tak-
ing the root mean square average of the EMG signal using a
20-millisecond sliding window function.

Mean EMG amplitudes were quantified to assess muscle
activity for each muscle during the preparatory and loading
phases of the side-step cutting maneuvers (running and box
jump; Figure 3). The preparatory phase (PR) was defined as
the 50-millisecond time period before ground contact. Initial
ground contact was defined as the time when vertical ground
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reaction force exceeded 5 N. The loading phase (LO) was
defined as the initial 50% of the stance phase during the side-
step cutting maneuver. The stance phase was defined as the
time period between initial ground contact with the force plate
until toe-off during the side-step cutting maneuvers. Toe-off
was identified as the time when vertical ground reaction force
dropped below 5 N. This LO was selected to assess the muscle
activation immediately after ground contact, as this time pe-
riod of deceleration has often been associated with noncontact
ACL injuries.!-237 Coactivation ratios for the quadriceps and
hamstrings (Q:H) were also assessed during the PR and LO
phases of both side-step cutting tasks. The Q:H coactivation
ratio was computed as the sum of the average EMG amplitude
of the quadriceps (RF and VL) divided by the sum of the
average EMG amplitude of the hamstrings (MH and LH) for
each trial.2®-38 The Q:H coactivation ratio was computed sep-
arately for each of the 5 trials, and then the average was taken
for Q:H coactivation ratios. Coactivation ratios of 1.0 indicat-
ed equal average activation of the Q and H muscles. Coacti-
vation ratios greater than 1.0 indicated increased Q average
activation in comparison with H. Coactivation ratios less than
1.0 indicated greater H average activity compared with Q. All
EMG data were collected over a 5-second time period centered
on initial ground contact during the cutting tasks (2 seconds
before and 3 seconds after initial ground contact).

Statistical Analyses

We performed separate, mixed-model, repeated-measures
analyses of variance with 1 between-subjects and 2 within-
subjects factors for each dependent variable (average EMG
amplitudes and Q:H coactivation ratios). For all analyses, the
between-subjects factor was sex (2 levels: male and female)
and the within-subjects factors were cutting task (2 levels: run-
ning and box jump) and phase of contact (2 levels: PR and
LO). Tukey post hoc analyses were performed to examine sig-
nificant interactions. Statistical significance was set a priori at
a = .05. All data were analyzed using SPSS (version 14.0;
SPSS Inc, Chicago, IL).

RESULTS

Means and SDs for average EMG amplitudes and Q:H coac-
tivation ratios during the PR and LO phases of the running
and box-jump side-step cutting maneuvers are listed in the
Table.

Significant sex-by-phase interactions were noted for VL
(F138 = 11.87, P = .001) and GMED (F,33 = 6.78, P =
.013) muscle activation amplitudes. Post hoc analyses of VL
activation revealed that females demonstrated significantly
greater VL activation than males during both the PR and LO
phases and that VL activation significantly increased from the
PR to the LO phase for both males and females (Figure 4).
Post hoc analyses of GMED activation revealed no difference

«—

Figure 1. Running-approach side-step cutting task. A, During the
running side-step cutting task, the individual plants the foot of the
dominant leg with the toes pointed forward along the path of mo-
tion and then, B, cuts 60° in the opposite direction of the planted
foot. Foot positioning and cutting angle are controlled by having
the subject place the foot in the alleyway marked on the floor.
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Figure 3. Preparatory phase (PR) was defined as the 50-ms time
period before vertical ground reaction force rises above 5 N. The
loading phase (LO) was defined as the first 50% of the stance
phase during the side-step cutting tasks.

between the sexes during the PR phase; however, females
showed GMED activation during the LO phase compared with
males (Figure 5). Both males and females increased GMED
activation from the PR to the LO phase. A sex main effect
was seen for Q:H coactivation (Fy 33 = 7.423, P = .01), as
females displayed a greater Q:H coactivation ratio than their
male counterparts (Figure 6). No main effects or interactions
involving sex (statistical findings for sex main effects are re-
ported) were noted for activation amplitudes of the RF (F; 33
= 1.834, P = .18, m,? = .046, 1 — B = .262), MH (F 35 =
0.048, P = .82, m,> = .001, 1 — B = .055), LH (F 33 =
0.035, P = 85, 1,2 = 035, 1 — B = .054), or GMAX (F, 5
= 0.197, P = .65, m,2 = .005, 1 — B = .07) muscles. Thus,
males and females displayed similar muscle activation ampli-
tudes during the PR and LO phases of both side-step cutting
tasks for these muscles.
Main effects were identified for cutting task and phase of
contact for the average amplitude of each muscle tested (Fig-
UM ures 7 and 8) and Q:H coactivation ratios. The main effects
for cutting task revealed that activation during the running
side-step cut was significantly greater than during the box-
jump side-step cut for the VL (F; 33 = 64.77, P < .001), RF
(Fi38 = 6238, P < .001), MH (F, 35 = 50.31, P < .001),
LH (Fy35 = 82.27, P < .001), GMED (F; 33 = 64.81, P <
.001), and GMAX (F; 35 = 35.83, P < .001), as well as the
Q:H coactivation ratio (F; 33 = 8.807, P = .005) (running
side-step cut = 1.14 = 0.57, box-jump side-step cut = 1.00
+ 0.58). Phase of contact main effects demonstrated increases
from the PR to the LO phase for the VL (F; 33 = 125.29, P
< 001), RF (F1,38 = 9435, P < 001), MH (F1,38 = 5733,
P < 001), LH (F1,38 = 442, P = 04), GMED (F1,38 =
152.82, P < .001), and Q:H coactivation (F; 35 = 64.05, P <
.001) (PR = 0.84 £ 0.50, LO = 1.31 = 0.55). However,
GMAX (F; 33 = 4.94, P = .03) activation displayed the op-
posite finding, with a decrease from the PR to the LR phase.

«—

Figure 2. Box-jump side-step cutting task. A, During the box-jump
side-step cutting task, the individual lunges forward off a 30-cm
high box with the dominant leg. B, The foot of the dominant leg
lands within the alleyway marked on the force plate, and the sub-
ject cuts 60° in the opposite direction of the planted foot.
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Table. Muscle Activation Amplitude (% Maximal Voluntary Isometric Contraction) and Quadriceps:Hamstrings Coactivation Ratios for

Male and Female Soccer Athletes During the Preparatory and Loading Phases of the Cutting Tasks (Mean = SD)

Running Side-Step Cut

Box-Jump Side-Step Cut

Muscle Group Sex Preparatory Phase Loading Phase Preparatory Phase Loading Phase
Maximal voluntary isometric contraction (%)
Vastus lateralis Males 129.36 = 63.30 188.85 = 61.60 51.57 £ 22.53 151.94 = 50.47
Females 186.14 = 102.75 320.86 = 164.65 7715 = 51.97 244.45 + 128.24
Rectus femoris Males 80.19 = 47.84 136.73 = 63.46 33.04 = 19.53 107.17 = 58.06
Females 80.25 =+ 38.46 173.32 = 81.08 40.20 £ 26.41 140.55 =+ 75.15
Medial hamstrings Males 77.46 £ 57.63 128.02 = 48.60 32.16 = 24.80 106.64 = 50.05
Females 7219 =+ 34.75 130.22 + 92.68 34.82 £ 20.57 119.37 £ 75.45
Lateral hamstrings Males 194.92 + 113.68 194.18 = 143.23 137.35 =+ 75.56 154.75 + 133.71
Females 172.29 = 64.43 210.57 = 85.13 12253 = 61.71 154.86 = 69.38
Gluteus medius Males 84.93 + 48.53 138.42 + 39.78 44,98 + 34.08 123.58 + 38.11
Females 78.53 =+ 45.42 173.30 = 80.62 43.00 £ 29.03 150.82 = 60.49
Gluteus maximus Males 301.35 = 264.17 186.08 = 110.41 194.22 + 159.23 172.22 = 97.08
Females 256.08 = 175.68 194.73 + 110.52 163.24 + 131.60 167.93 = 79.23
Quadriceps:hamstrings coactivation Males 0.81 = 0.26 1.08 + 0.30 0.59 = 0.29 1.12 +  0.47
Females 116 =+ 0.74 155+ 0.63 0.82 + 0.45 151 =+ 0.64
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Figure 4. Influence of sex and phase of contact on vastus lateral
activation. @ Indicates a significant difference between male and
female soccer athletes (P = .001). * Indicates a significant differ-
ence between the preparatory and loading phases of contact. MVIC
indicates maximal voluntary isometric contraction.

DISCUSSION

Our first purpose was to compare Q, H, GMED, and GMAX
activation amplitudes and Q:H coactivation ratios between
male and female soccer athletes at the NCAA Division I level.
A secondary purpose was to determine if the activation am-
plitudes and coactivation ratios of males and females were
influenced by the type of cutting task performed and the phase
of contact. The primary findings were that female soccer ath-
letes exhibited greater VL activation amplitude and Q:H coac-
tivation ratio than their male counterparts. Sex differences in
VL activation and Q:H coactivation ratio were observed dur-
ing both the PR and LO phases of side-step cutting. Also, sex
differences were evident in GMED activation, as females dem-
onstrated greater activation than males during the LO phase
of side-step cutting but not during the PR phase. No sex dif-
ferences were noted in muscle activation amplitude for the
other muscles tested. We believe these findings indicate that
female soccer athletes use a Q-dominant muscle activation pat-
tern when performing tasks associated with noncontact ACL
injury. We theorize that the Q-dominant muscle activation

Figure 5. Influence of sex and phase of contact on gluteus medius
activation. @ Indicates a significant difference between male and
female soccer athletes (P = .013). * Indicates a significant differ-
ence between the preparatory and loading phases of contact. MVIC
indicates maximal voluntary isometric contraction.

strategy used by female soccer athletes may place them at
greater risk for noncontact ACL injury.

It is important to note that males and females performed the
side-step cutting tasks under identical conditions (eg, con-
trolled approach speed and cut angle); thus, the sex differences
in VL activity are not attributable to performance differences.
During the PR phase, the females scaled their VL activity to
a larger extent than the men did (31% more than males).
Greater reliance on VL activity by women was further dem-
onstrated during the LO phase, as the differences between the
sexes were even larger (40% more than males). These findings
supported our original research hypotheses. Our results are
also in agreement with the findings of other investigators re-
porting greater Q activation in females than males.27-32.38.39
Malinzak et al?’ were the first to reveal greater Q activation
in females than in males during a side-step cutting task. Our
results extend this research, because we tested a population of
Division I soccer athletes, whereas Malinzak et al tested rec-
reational athletes, defined as persons who played basketball,
volleyball, or soccer at least 3 times per week and did not
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Figure 6. Influence of sex on quadriceps:hamstrings coactivation
ratios (P = .01). 2 Indicates a significant difference between male
and female soccer athletes.
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Figure 7. Influence of type of cutting task on average muscle ac-
tivation amplitude. 2 Indicates a significant difference between the
running and box-jump approach side-step cutting tasks (all P <
.001). MVIC indicates maximal voluntary isometric contraction.
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Figure 8. Influence of phase of contact on average muscle activa-
tion amplitude. 2 Indicates a significant difference between the pre-
paratory and loading phases of the side-step cutting task (P < .05).
Vastus lateralis, P < .001; rectus femoris, P < .001; medial ham-
strings, P < .001; lateral hamstrings, P = .04; gluteus medius, P
< .001; gluteus maximus, P = .03. MVIC indicates maximal vol-
untary isometric contraction.

follow a professionally designed training program. Based on
our findings and those of previous researchers, increased Q
activation in females compared with males is present in both
the highly skilled and trained collegiate soccer athlete and in
recreational athlete populations.

Because the magnitude of the sex discrepancy in ACL in-
jury rate is not consistent across sports,!-240 it is essential to
study specific groups of athletes. For example, the sex bias in
ACL injury rates does not appear to be present in sports such
as volleyball and lacrosse!*0 and is greater in soccer athletes
than in basketball athletes.!? Agel et al® reported that in com-
parison with basketball athletes, female soccer athletes were
at the highest risk for ACL injury. Investigating female soccer
athletes, who are at greatest risk for ACL injury, may further
improve our understanding of potential ACL injury risk fac-
tors in females in general. Researchers have more recently
shown that female collegiate athletes (soccer, basketball, and
track) also displayed greater Q activity than male collegiate
athletes.?0-32 However, only we and Sigward and Powers3?
have focused solely on female collegiate soccer athletes. Sig-
ward and Powers3? investigated NCAA Division I and 1I soc-
cer athletes, whereas we specifically investigated NCAA Di-
vision I soccer athletes. In studying male and female soccer
athletes at the NCAA Division I level from the same institu-
tion, a certain amount of consistency may be assumed in terms
of the type of training and conditioning that each athlete has
undergone, particularly because measures were taken during
the same time of season for both sexes. Additionally, athletes
at the NCAA Division I level have generally been involved in
their particular sport from a very young age, regardless of sex.
We feel that our findings extend previous research, as we fo-
cused on groups of males and females who participated in the
same sport (soccer), were of similar skill level (NCAA Divi-
sion I student-athletes), underwent similar strength and con-
ditioning programs (verified by the team’s certified athletic
trainer and strength and conditioning coach), and had similar
experience with performing side-step cutting tasks. Thus, sex
differences in Q activation did not appear to be influenced by
these factors.

Quadriceps contraction has been shown to increase ACL
loading and increase the risk of ACL injury unless H muscle
contraction is sufficient to counteract Q muscle contrac-
tion.!1-1441 Qur findings revealed no difference in activation
of the medial and lateral H between males and females. Thus,
even though female soccer athletes recruited more Q activa-
tion, they did not scale their H activation to similar levels. Our
results agree with those of most previous researchers, indicat-
ing that H activation is similar between males and fe-
males.29-3032.38.39 Malinzak et al?” were the only investigators
to report decreased H activation in recreationally active fe-
males compared with males. As previously indicated, however,
Malinzak et al?’ tested a recreational athlete population and
did not indicate if the groups had similar experience and train-
ing levels, participated in the same sports, or had similar back-
grounds in performing cutting maneuvers. Differences in these
factors may influence H activation and the study’s results,
thereby limiting the ability to directly compare their study’s
findings with ours.

Perhaps the most intriguing finding of our study was that
while H muscle activation was similar, sex differences were
apparent in the Q:H coactivation ratio. Male soccer athletes
displayed a Q:H coactivation ratio of 0.88 during the side-step
cutting tasks, whereas the ratio for female soccer athletes was
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1.26. Thus, female soccer athletes used a Q-dominant activa-
tion pattern, and male soccer athletes demonstrated a more
balanced or H-dominant muscle activation pattern during the
cutting tasks. Altered Q:H coactivation ratios between males
and females have been reported by other investigators.2%-38:39
Previous researchers comparing Q:H coactivation ratios be-
tween the sexes have focused on hopping?”-3® and jump-land-
ing tasks.3® Our results agree with these previous studies and
extend their findings by demonstrating greater Q relative to H
activation in female NCAA Division I soccer athletes during
2 side-step cutting tasks.

De Luca and Mambrito*? proposed the concept of a “com-
mon drive” existing between the Q and H. The authors sug-
gested that simultaneous increases in activation between ago-
nist and antagonist muscles are controlled by a central
coactivation mechanism. When an agonist-antagonist pair of
muscles is participating in a specific task, the common drive
controls the motor units of each muscle, treating both muscles
as a single entity.*> The concept of a common drive that ap-
propriately scales Q and H activation would be an effective
mechanism to minimize anterior tibial shear forces at the knee
joint. Based on our findings and those of others,29-3839 the
common drive that facilitates Q and H coactivation appears to
differ between the sexes, as female soccer athletes exhibited
greater Q activation that was not associated with increased H
activation. The observed differences in Q:H coactivation ratios
between the sexes may have clinical relevance because ACL
loading is influenced by Q10-1643 and H14.16.21-23 activation;
thus, an increased Q:H coactivation ratio may be a potential
risk factor for ACL injury. Although the derivation of the sex
difference in VL activity in our investigation cannot be readily
discerned, it is important to note that this difference persisted
in both the PR and LO phases. Greater VL activity during the
LO phase could be related, at least partially, to sex differences
in landing kinematics,?7-3044-47 which impose a greater inter-
nal moment requirement on the Q. However, the fact that this
difference was also present during the PR phase suggests a
preprogrammed set of muscle activity, potentially derived
from the common drive suggested by De Luca and Mabrito.*?
The greater relative amount of VL activity in females during
the LO phase may represent the combination of differences in
preparatory and reactive VL activity.

Previous researchers have compared GMED and GMAX ac-
tivation between males and females during single-leg squat-
ting32 and landing314® tasks. We are unaware of any compar-
isons between gluteal muscle activation in males and females
during cutting tasks. Therefore, we believe that we are the first
to compare gluteal muscle activation amplitudes during side-
step cutting between males and females. Contrary to our orig-
inal hypothesis, we observed greater GMED activation in fe-
males during the LO phase of side-step cutting than in males.
In addition, no sex differences in GMAX activation amplitude
were noted. These findings were surprising considering that
many authors?74448-52 have reported greater knee valgus in
females than in males. Several investigators have also reported
no difference in GMED activation between males and females
during single-leg squatting3? and landing3!8 tasks. Findings
regarding GMAX activation are inconsistent. Like Zeller et
al,32 we found no difference between males and females. Za-
zulak et al,3! however, reported decreased GMAX activity in
females compared with males during the early deceleration
phase of a single-leg landing. The differences in the tasks per-
formed (cutting, squatting, and landing) among studies make

it difficult to directly compare findings. Thus, the reason for
the discrepancy in research findings surrounding GMED and
GMAX activity is unclear.

In addition to the influence of sex, our findings also dem-
onstrated that the type of cutting task performed and phase of
contact have large effects on muscle activation amplitude and
Q:H coactivation. We observed main effects for cutting task
and phase of contact for the activation amplitude of all muscles
tested and the Q:H coactivation ratio. The running-approach
side-step cutting task resulted in greater activation amplitude
for all muscles tested (approximately 29% more across all
muscles), as well as higher Q:H coactivation ratios than for
the box-jump side-step cutting task. Thus, the running-ap-
proach side-step cut appears to be a more demanding type of
cutting task. However, the type of cutting task performed did
not influence the ability to identify sex differences in muscle
activation amplitude or Q:H coactivation, as we did not ob-
serve any sex-by-cutting task interactions. Therefore, sex dif-
ferences in muscle activation amplitude and Q:H coactivation
did not appear to be influenced by the nature of the side-step
cutting task (running approach versus box-jump approach).

With the exception of the GMAX, muscle activation am-
plitude increased significantly from the PR to the LO phase
of side-step cutting (approximately 34% more across all mus-
cles, except GMAX). We hypothesize that increased activation
amplitude during the LO phase was a result of the increased
stability demands placed upon the lower extremity muscula-
ture during the weight-bearing phase of side-step cutting. Sur-
prisingly, GMAX activation decreased (21%) from the PR to
the LO phase of side-step cutting. We believe that the decrease
in GMAX activation during the LO phase of side-step cutting
underscores the importance of preparatory activation of this
muscle to provide adequate frontal-plane and transverse-plane
stability of the lower extremity during side-step cutting.

Clinical Relevance

The ACL is the primary restraint to anterior tibial transla-
tion induced by proximal anterior tibial shear forces,'9-1¢ but
excessive lower extremity rotation!8-20-33 and knee valgus33-5°
also increase ACL loading. Although knee valgus and tibial
rotation increase ACL loading, in vivo research clearly dem-
onstrates that sagittal-plane mechanics are the dominant ACL
loading mechanism.!820 Markolf et al!® showed that isolated
anterior tibial shear force generated ACL loading, but knee
valgus and internal rotation moments could not generate ACL
loading when applied in isolation. Knee valgus, varus, and
internal rotation moments could only generate significant ACL
loading when combined with anterior tibial shear force.!®
Berns et al?0 also demonstrated that neither pure knee internal-
external rotation moment nor pure knee valgus-varus moment
had effects on the strain of the anterior medial bundle of the
ACL. Furthermore, isolated Q loading is capable of inducing
ACL injury and rupture in cadaveric models.*? These findings
indicate that multiplanar loading facilitates the greatest ACL
loading. However, sagittal-plane mechanics (eg, Q contraction,
H contraction, and anterior tibial shear force) appear to be the
major contributors to ACL loading, as knee valgus, varus, and
internal rotation moments may only increase ACL loading
when applied in combination with an anterior tibial shear
force. Our findings of increased VL activation combined with
greater Q:H coactivation ratios suggest that female soccer ath-
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letes may use a muscle activation pattern that may facilitate
ACL loading.

Proximal anterior tibial shear force induced by the quadri-
ceps may be a major factor in noncontact ACL injury.>® This
hypothesis is supported by research that consistently demon-
strates an increase in ACL loading with Q contraction.!0-1643
We believe that greater VL activation during the PR phase
indicates that female soccer athletes use a preprogrammed mo-
tor control strategy to facilitate VL activation. Sex differences
in VL activation were magnified during the LO phase, as fe-
male soccer athletes demonstrated 40% more VL activation
than males immediately after foot contact with the ground.
Noncontact ACL injury reportedly occurs immediately after
foot contact with the ground during tasks requiring rapid de-
celeration or directional changes.37-57 We defined the LO phase
as the first 50% of the stance during the side-step cutting tasks,
which encompasses the time period during which noncontact
ACL injury is described to occur. Increased VL activity during
the LO phase may result in greater anterior tibial shear forces
when females are undergoing rapid deceleration and a direc-
tional change.

Quadriceps-induced ACL loading may be minimized by H
muscle cocontraction.!416:21-23 Quadriceps-hamstrings coac-
tivation enhances knee joint stability in both the sagittal and
transverse planes by increasing joint stiffness, presumably lim-
iting the force imparted on the ACL.’%-%0 However, female
soccer athletes did not demonstrate greater H activation than
male soccer athletes. These findings suggest that female soccer
athletes displayed a Q-dominant muscle activation strategy and
that the greater Q:H coactivation ratio observed in females
(Figure 6) was due to increased Q activation and not decreased
H activation. Exercises to decrease Q:H coactivation ratios af-
ter foot contact with the ground may be effective injury-pre-
vention techniques to reduce the risk of ACL injury in fe-
males. Future researchers should investigate the effects of
preventive exercise interventions on Q:H coactivation ratios.

Limitations

Muscle activation measured during dynamic tasks is not the
same as muscle force production. Muscle force is influenced
by muscle activation, as well as muscle length and contractile
velocity. Thus, if sex differences in muscle activation resulted
in greater ACL loading is unknown. Increased Q:H coactiva-
tion ratios suggest that females may use muscle activation pat-
terns that facilitate ACL loading by generating Q-induced an-
terior tibial shear forces. Future investigations to measure
Q:H coactivation ratios, proximal anterior tibial shear forces,
and ACL loading are needed to better understand the influence
of Q:H coactivation on ACL loading during functional tasks
associated with ACL injury.

We investigated male and female soccer athletes at the
NCAA Division I level. Sex differences in neuromuscular fac-
tors may be influenced by skill level, training level, previous
experience, age, and sport participation. Our findings are thus
limited to NCAA Division I soccer athletes, as different results
may occur when investigating different groups of males and
females. Although our findings are limited to NCAA Division
I soccer athletes, we believe these findings have substantial
clinical relevance, as female collegiate soccer athletes have
been shown to be at the highest risk for ACL injury.® Our
demonstration of greater VL activation and Q:H coactivation

ratios may lend insight into understanding potential ACL in-
jury risk factors in female soccer athletes.

Given the inherent variability of EMG data, it is possible
that our statistical power may have been limited due to sample
size (20 males, 20 females). In particular, the increased vari-
ability associated with the LH and GMAX activation ampli-
tude data may have affected the statistical power for these
variables. However, the effect of sex on LH and GMAX ac-
tivation amplitude appears to have been small based on the
small np2 values (see Results section) reported for these mus-
cles, which calls into question whether or not a larger sample
size would change these findings. Another potential limitation
for the GMAX activation amplitude data was the MVIC test-
ing methods. To avoid direct contact over the H EMG elec-
trodes, we had the participant’s knee in full extension and
placed resistance over the popliteal fossa as he or she per-
formed the MVIC into hip extension. This was done to prevent
the H electrodes from shifting on the skin during GMAX
MVIC testing. Performing the MVIC for the GMAX with the
knee extended may have influenced the activation amplitude
of this muscle, which may have affected our findings. How-
ever, we do not believe that this potential limitation altered
our findings, as all participants were tested under identical
conditions, allowing for a valid reference contraction for each
volunteer that can be used to standardize dynamic EMG am-
plitudes. Furthermore, we are unaware of any published re-
search demonstrating that GMAX activation amplitude during
hip extension is influenced by knee flexion position.

CONCLUSIONS

We compared Q, H, GMED, and GMAX activation ampli-
tude during running and box-jump side-step cutting tasks be-
tween male and female soccer athletes at the NCAA Division
I level. Our results indicate that female soccer athletes used
greater VL activation and Q:H coactivation ratios than males
during the PR and LO phases of both cutting tasks. In addition,
females demonstrated greater GMED activation during the LO
phase of side-step cutting than males. No differences were
noted, however, in RE H, or GMAX activation amplitude be-
tween male and female soccer athletes. These findings indicate
that female soccer athletes used a Q-dominant recruitment pat-
tern during the side-step cutting tasks, whereas male soccer
athletes employed a more balanced activation pattern between
the Q and H. Vigorous Q contraction that is not offset by
appropriate scaling of the H is known to facilitate anterior
tibial translation and increase ACL loading. We theorize that
greater VL activation and Q:H coactivation ratios may be a
risk factor for ACL injury in female soccer athletes. Also,
female soccer athletes used greater GMED activation during
weight bearing, which may explain why previous researchers
investigating knee valgus angle in soccer athletes have not
observed sex differences in knee valgus angle.3? Injury pre-
vention programs designed to facilitate a more balanced Q:H
coactivation ratio may reduce the risk of ACL. Whether or not
increased VL activation and Q:H coactivation ratios actually
place the ACL at greater risk for injury is unknown and re-
quires further study.
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