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ABSTRACT

SEX, HORMONES, AND USE OF CONTRACEPTIVES ON
MUSCLE STRENGTH AND ACTIVATION
By Anne C Russ
Doctor of Philosophy
Temple University, August 2012

Major Advisor: Dr. Vanessa Yingling

Women are more likely to sustain knee injuries (e.g.,
ACL tears) than their male counterparts. The mechanisms
responsible for this disparity are unclear. However
fluctuating hormones during the menstrual cycle may be an
influencing factor since more ACL injuries have been
observed preceding ovulation when estrogen levels increase.
Previous research shows females to have increased muscle
strength and altered neuromuscular activation prior to
ovulation. These findings have not been replicated in
females using oral contraceptives (OC). To date, no study
has examined all of these factors simultaneously. The
purpose of this study was to determine the effect of sex,
hormones, and contraceptive use on neuromuscular function
at 3 points during a menstrual cycle. A prospective cohort
design with independent variables of group [male (n=10),

female no-OC (n=10), female OC (n=10)], and testing session



(1,2,3) was used to assess knee function (i.e., tibial
translation, isometric strength, vertical leg stiffness,

and neuromuscular activation) on physically active college-
aged participants. Three testing sessions were scheduled
throughout a typical menstrual cycle. Tibial translation

was measured at the start of each testing session to assess
ACL laxity, for handgrip, knee extensors and knee flexors
strength. Area EMG activity of the rectus femoris
(representing quadriceps) and biceps femoris (representing
hamstrings) was recorded over 3 46cm drop jumps, and
vertical leg stiffness was calculated based on measurements
obtained by a force plate. A 3 (group) x 3 (testing

session) MANOVA ( p < 0.05) was used to assess knee
function, as defined by tibial translation, strength, EMG
activation and vertical leg stiffness. A significant

difference was found with respect to strength, as males
overall displayed greater strength than both female groups.
No other significant differences were found. Although this
study attempted to explain the effect of estrogen on
strength and neuromuscular function with an improved
design, no conclusive evidence was found to further explain

this relationship. Future studies should use more



sensitive and objective measures to explore this dynamic on

a greater sample size over multiple menstrual cycle phases.
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CHAPTER 1
SEX, HORMONES, AND USE OF CONTRACEPTIVES ON MUSCLE
STRENGTH AND ACTIVATION
Introduction

Approximately one out of every 1,750 persons between
the ages of 15-45 will experience a non-contact anterior
cruciate ligament (ACL) injury (Griffin et al., 2000).
Females report a rate of ACL injuries two to four times
higher than that of their male counterparts (Agel, Arendt,
& Bershadsky, 2005; Arendt & Dick, 1995). Researchers
explain this disparity through an interaction of several
risk factors. Three of these significant areas are the
fluctuation of hormones during the menstrual cycle (Arendt,
Bershadsky, & Agel, 2002; Hewett, Zazulak, & Myer, 2007;
Wojtys, Huston, Lindenfeld, Hewett, & Greenfield, 1998;
Woijtys, Huston, Boynton, Spindler, & Lindenfeld, 2002),
lower extremity stiffness differences between sexes
(Cammarata & Dhaher, 2008), and knee neuromuscular control
differences between sexes (Griffin et al., 2000; Hewett,
2000; Hewett, Myer, & Ford, 2006).

The most striking difference in the sex-specific

physiology between males and females is the concentration



of ovarian hormones, specifically estrogen. The levels of
estrogen and progesterone vary around the set period of the
menstrual cycle (Figure 1). The menstrual cycle averages 28
days in length and is divided into three phases: follicular
(days 1 — 10), ovulation (days 11 - 14), and luteal (15 —

28). In the early follicular phase, estrogen levels are

initially low, and then gradually rise. This increase
stimulates the release of luteinizing hormone, which peaks
prior to day 14, coinciding with ovulation. The spike in
luteinizing hormone causes the release of an egg,

indicating the beginning of the luteal phase. During the
luteal phase, estrogen levels initially drop, rise toward

the phase’s midpoint, then fall, allowing a new cycle to
begin (Saladin, 2007). Females who use hormonal
contraceptives do not experience these same changes in
estrogen, as levels are kept artificially low to prevent
ovulation (Fleischman, Navarrete, & Fessler, 2010).

The link between ACL injuries and menstrual cycle
phase was first noted in 1998, with a greater number of
injuries associated with the follicular, specifically pre-
ovulatory, phase (Woijtys, Huston, Lindenfeld, Hewett, &
Greenfield, 1998). The increased likelihood of injuries at

this time of the menstrual cycle was not observed in women



using hormonal contraceptives, suggesting higher
circulating estrogen levels increase the risk of ACL injury
(Woijtys et al., 2002). Subsequent studies confirmed this
general finding of an increased incidence of injuries in

the first half of the menstrual cycle, but disagree on
whether they are more likely to occur in the early

follicular phase when estrogen is low, or closer to

ovulation when estrogen peaks (Adachi, Nawata, Maeta, &
Kurozawa, 2008; Arendt et al., 2002; Hewett, Myer, & Ford,
2006; Hewett, Zazulak, & Myer, 2007; Myklebust, Maehlum,
Holm, & Bahr, 1998; Woijtys et al., 2002). A suggested
theory to explain the increased risk of ACL injuries in the
first half of the menstrual cycle is that an increase in
estrogen stimulates the estrogen receptors located on the
ACL, weakening the collagen within the ligament due to
decrease fibroblast activity (Yu, Liu, Hatch, Panossian, &
Finerman, 1999). Researchers use animal models
(Strickland, Belknap, Turner, Wright, & Hannafin, 2003) and
studies in humans (Hertel, Williams, Olmsted-Kramer, Leidy,
& Putukian, 2006; Rau et al., 2005; Warden, Saxon,
Castillo, & Turner, 2006; Wentorf, Sudoh, Moses, Arendt, &
Carlson, 2006) have rejected this theory, as they have

found no differences in laxity based on sex, estrogen



levels, or menstrual cycle phase. The most current model
is that the hormones of the menstrual cycle, instead of
changing the physical properties of the ACL, may alter
neuromuscular control at the knee.

Researchers have identified differences in
neuromuscular control between sexes. Males display greater
overall stiffness in the knee than females (Cammarata &
Dhaher, 2008), which may protect the ACL by providing more
support through muscle activation (Woijtys, Ashton-Miller, &
Huston, 2002). The differences in muscle activation
between sexes are pronounced in the hamstring muscles
during cross cutting and straight running activities, as
males activate the hamstrings more than females.
Additionally, during side-cut maneuvers, females display
greater quadriceps activation (Landry, McKean, Hubley-
Kozey, Stanish, & Deluzio, 2007b) and less hamstring
activation (Beaulieu, Lamontagne, & Xu, 2008) than males.
These differences could account for the increased risk of
ACL injuries in females, as they rely on the quadriceps,
which act as antagonistically to the ACL, allowing anterior
tibial translation, during various functional activities.

Although there is some evidence that differences in

neuromuscular activation exists between sexes, this is not



fully supported by all research. Drop landings display no
differences in muscle activation between sexes (Russell,
Croce, Swartz, & Decoster, 2007). However, the ambiguous
results of the male and female differences in neuromuscular
activation of the knee during functional activities may be
attributed to the menstrual cycle. Most of the
aforementioned studies examining sex differences do not
consider the menstrual cycle or hormonal contraceptive use
when selecting and testing female participants. Of the
studies mentioned, only one controlled for the menstrual
cycle phase, testing female participants during the first

half of the menstrual cycle, when performing data
collection, finding greater lateral quadriceps activation

than males (Beaulieu et al., 2008).

Sex-hormone levels may affect neuromuscular control,
as estrogen receptors have been identified on human
skeletal muscle (Wiik et al., 2003). The purpose of these
receptors is unclear, but it may provide a pathway to
influence neuromuscular control. The low levels of
estrogen are a characteristic of the early follicular
phase, when the hormonal levels in females are most similar
to males, and little difference in male and female

neuromuscular activity is observed (Jovanovic et al.,



2004). Around ovulation, coinciding with a rise in
estrogen, there is an increase in isometric strength
production of the quadriceps, not found in those using
contraceptives (Sarwar, Niclos, & Rutherford, 1996). This
is complemented by a longer relaxation time of the same
muscle fibers (Sarwar et al., 1996), an increase in
extensibility of the hamstrings (Bell et al., 2009), and a
decrease in stiffness (Eiling, Bryant, Petersen, Murphy, &
Hohmann, 2007). Collectively, these findings could account
for the increased risk of ACL injury during ovulation. The
increased strength produced by the quadriceps, combined
with the increased extensibility of the hamstrings and
decreased overall stiffness, increases anterior tibial
translation, exposing the ACL to potential injury at this
time of high estrogen levels. However, protocols for
determining the menstrual cycle phase in both of these
studies were rudimentary (Sarwar et al., 1996; Bell et al.,
2009). In studies that verified the menstrual cycle phase
via hormonal assays, there were no differences in both
guadriceps and hamstring data across the testing points
(Chaudhari et al., 2007; Fridén, Hirschberg, & Saartok,
2003; Hertel et al., 2006). Again, results are

inconclusive for differences in neuromuscular control



across menstrual cycle phases, indicating the need for
further research.

Hormones have been shown to affect neuromuscular
control. Estrogen is shown to increase skeletal muscle
tension (Sarwar et al., 1996) while decreasing the time it
takes for the muscle to reach peak tension (Bell et al.,

2009). The pathway for these changes is not clear.

Johansson’s Final Common Input Hypothesis (Johansson,
Sjolander, & Sojka, 1991) suggests a mechanism for hormonal
influence on muscle function. It is known that the

sensitivity of muscle spindles are set by input from

receptors located on the skin, ligaments, joint capsule and
muscles. These receptors either excite or inhibit y-motor
neurons which set the muscle spindle sensitivity. Since

estrogen receptors have been identified on both ligament
(Komatsuda et al., 2006) and muscle, it too may affect the
muscle spindle via the y-motor neuron (Figure 2). These
observable changes in the neuromuscular control of muscle

due to estrogen concentration may give further insight to

the increased risk of ACL injury in female athletes,

specifically during the estrogen-rich ovulation phase. The
increased circulating estrogen level at this point has been

found to increase quadriceps strength and hamstring



extensibility. These changes in muscle function,
specifically lower extremity stiffness and neuromuscular
activation, at this point of the menstrual cycle may expose
the ACL to injury by increasing the load placed upon the
ligament. Research to date has either not considered OC
use, or has not replicated these findings in females using
OC. There is a need for a comprehensive study that
considers both sexes, OC use, and phases of the menstrual
cycle when examining laxity and muscle function.
Statement of the Purpose

The purpose of this study was to identify changes in
knee laxity, strength (global and local), lower extremity
stiffness, and neuromuscular activation of the quadriceps
and hamstrings across a month in males, females on oral
contraceptives, and females not using oral contraceptives.

Aims and Hypotheses
Aim 1

To assess the effects of group [male (M), female oral
contraceptive (OC), female non- oral contraceptive (NOC)]
and testing session (1/follicular, 2/ovulatory, 3/luteal)

on laxity as measured by tibial translation in mm.



Research Hypotheses for Aim 1

1. There will be significant differences in tibial

translation between groups.

a.

There will be no significant difference between
M and OC.

NOC will have significantly greater tibial
translation than M.

NOC will have significantly greater tibial

translation than OC.

2. There will be no significant differences in tibial

translation across testing sessions.

3.  There will be significant differences in tibial

translation based on an interaction of group and

testing session.

a.

In the initial testing session, there will be

no significant differences between groups.

In the second testing session, NOC will have
significantly greater tibial translation than M
and FOC.

In the third testing session, there will be no

significant differences between groups.



Aim 2
To assess the effects of group (M, OC, NOC) and
testing session (1/follicular, 2/ovulatory, 3/luteal) on
absolute handgrip, quadriceps and hamstring isometric
muscle strength.
Research Hypotheses for Aim 2
1.  There will be significant differences in isometric
muscle strength between groups.
a. M will have significantly greater strength than
OC and NOC.
b. There will be no significant differences in
strength between OC and NOC.
2. There will be no significant differences in
isometric muscle strength across testing sessions.
3.  There will be a significant difference in
isometric muscle strength based on an interaction
of group and testing session.
a. M will have no significant differences in
strength across sessions.
b. OC will have no significant differences in
strength across sessions.
c. NOC will have a significant changes in strength

based upon testing session

10



i.  There will be a significant increase in
strength in testing session 2 compared to
sessions 1 and 3.
. There will be no difference between
testing session 1 and 3.
Aim 3
To assess the effects of group (M, OC, NOC) and
testing session (1/follicular, 2/ovulatory, 3/luteal) on
lower extremity stiffness during a drop jump.
Research Hypotheses for Aim 3
1.  There will be a significant difference in lower
extremity stiffness among groups.
a. Men will have significantly greater lower
extremity stiffness than FOC and FNOC.
b. There will be no difference in lower extremity
stiffness between FOC and FNOC.
2. There will be no significant differences in lower
extremity stiffness across testing sessions.
3.  There will be no significant differences in lower
extremity stiffness based on an interaction of

group and testing session.

11
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Aim 4

To assess the effects of group (M, OC, NOC), testing

session (1/follicular, 2/ovulatory, 3/luteal), and time

period (pre- and post-land) on quadriceps and hamstring

neuromuscular activation during a drop jump.

Research Hypotheses for Aim 4

1.

There will be a significant difference in
neuromuscular activation among groups.
a. Men will have significantly greater hamstring
activation than FOC and FNOC.
b. FOC and FNOC will have significantly greater
hamstring activation than M.
There will be no significant differences in
neuromuscular activation across testing sessions.
There will be a significant difference in
neuromuscular activation between time periods.
a. Post-land activation will be greater than pre-
land activation across all groups in both
muscles.
There will be significant differences in
neuromuscular activation based on an interaction

of group, testing session, and time period.



a. Males will have significantly greater hamstring
activation than FNOC prior to landing.
b. FNOC will have significantly greater quadriceps
activation prior to landing than M.
c. There will be no significant differences
between M and FOC.
Methods
Research Design
A prospective cohort design was used. The independent
variables were group (M, OC, NOC), testing session
(follicular, ovulatory, luteal), and time period (pre,
post). The dependent variables were tibial translation,
isometric strength, stiffness, and electromyography (EMG)
area for rectus femoris [RF (quadriceps)] and biceps
femoris [BF (hamstrings)].
Participants
Thirty physical active college students (18-25)
participated in this study. Physically active was defined
as exercising for at least thirty minutes three times a
week. Ten of the participants were males, ten were females
using hormonal contraceptives, and ten were females not
using oral hormonal contraceptives. Potential participants

were excluded if they had experienced a lower-extremity

13
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injury in the six months prior to participation. All

participants completed an Informed Consent Form (Appendix
A) and a Health Insurance Portability and Accountability
Act Form (Appendix B) prior to participation. The study
was approved by the Temple University Institutional Review
Board.
Instrumentation

Demographic and Health History Questionnaire

All participants completed a Demographic and Health
History Questionnaire (Appendix C) prior to testing to
ensure all met the specific inclusion criteria. Physical
activity status at the time of the study was included in
the questionnaire.
Menstrual Cycle History

All female participants completed a Menstrual Cycle
History Questionnaire (Appendix D). This was used to
determine hormonal contraceptive use status and aid in
determining when to schedule testing sessions based on
menstrual cycle phase and contraceptive use.
Anthropometrical Assessments

Participant’s height, weight, and body mass index was
collected. Height (cm) was determined using a metric tape

measure (Medco Sports Medicine, Tonawanda, NY) with a
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measurement accuracy of + 1 mm. Mass (kg) was obtained

with a force plate (Kistler 9287BA Force Plate, Kistler
Instrumentation Corp., Winterthur, Switzerland). Body mass
index (BMI) was calculated from the participant’s height
and weight using the formula: body weight (kilograms)
divided by height squared (meters squared; American College
of Sports Medicine, 2012). Leg dominance determined by the
leg on which the participant preferred to perform a single-
leg hop.
Tibial Translation

At the beginning of each testing session, the KT-1000
Knee Ligament Arthrometer (MEDmetric Corporation, San
Deigo, CA) was used to assess laxity via tibial
translation. The dominant leg was tested by placing 20 lbs
of force on the knee with the knee in thirty degrees of
flexion. The knee was tested three times during each
session. Displacement was recorded in mm. Reported
reliability of the KT-1000 ranges from an ICC of 1.0 to .77
(Wiertsema, van Hooff, Migchelsen, & Steultjens, 2008).
Isometric Strength

Handgrip strength was tested at each session as a
measure of global body strength (Sarwar et al., 1996). To

assess handgrip strength, the JAMAR Hydrolic Hand



Dynamometer (Lafayette Instrument, Lafayette, IN) was used.

During testing, the participant was seated, with the elbow
flexed to 90° and the forearm in a neutral position. The
participant was instructed to maximally squeeze the
dynamometer. The test was repeated twice, for a total of
three readings. The value, recorded in Ibs, from each
trial, was averaged.

Isometric contractions of the knee extensors and knee
flexors were assessed prior to the drop jump at each
testing session with the Microfet Handheld Dynamometer
(Hoggan Health Industries, West Jordan, UT). With the
participant in a seated position, the examiner resisted
full knee extension of the dominant leg. With the
participant in a prone position, the examiner resisted full
knee flexion of the dominant leg. The participant was
instructed to apply maximum force against the manual
resistance of the hand-held dynamometer for 3 s during
three separate trials. There was a 30 s rest period
between trials. Values were recorded in kg. Isometric HHD
testing can be influenced by investigator variability,
however, reported hamstring and quadriceps strength
intratester reliability resulted in an intraclass

correlation coefficient (3,1) of .91 and .90, respectively.

16



Vertical Leg Stiffness

The drop jump was used to collect kinetic data for the
calculation of vertical leg stiffness and its contribution
to dynamic restraint. A 60 x 90 cm multi-component force
plate (Model 9287BA, Kistler Instrumentation Corp.,
Winterthur, Switzerland) embedded in a concrete base and
flush with the floor, measured force in three orthogonal
planes (Fx, Fy, Fz) at a sampling rate of 1,000 Hz. Raw
data was amplified, converted from analog to digital
signals via an A/D board, and filtered with a Butterworth
low-pass filter (10 Hz). The signals were passed to a
computer where they were processed, stored, and analyzed
with Bioware  © software (Kistler Instrumentation Corp.,
Winterthur, Switzerland). Vertical leg stiffness was
modeled as a simple spring-mass system and was determined
by dividing the peak vertical ground reaction force by the
maximal vertical displacement of the center of mass (COM)
(Farley, Glasheen, & McMahon, 1993) during the eccentric
phase of landing (Millett & Landeo, 2011). Since both legs
were in contact with the ground simultaneously when
conducting the 46-cm drop jump, the spring-mass system
represents the combined stiffness of both legs (Farley et

al., 1993). Vertical displacement of the center of mass

17



(COM) was calculated from the double integration of the
vertical acceleration of the COM determined from the
vertical ground reaction force (Cavagna, 1975). Vertical
trajectory of COM was determined through integration of the
vertical velocity (Cavagna, 1975). Maximal vertical
displacement of the COM was calculated from the difference
between the maximum and minimum values of this curve
(Cavagna, 1975). Within the Biokinetics Research
Laboratory: Athletic Training Division, reliability of the
Kistler multi-component force plate for measuring forces in
the Fz plane while performing a drop jump has been shown to
be .99 (Stearne, Covassin, Swanik & Sitler, 2004).
Electromyography

EMG activity of the RF and BF were collected during
the drop jump. Surface electrodes were placed over the
muscle bellies according to the protocol described by Cram
and Kasman (1998). Electrode sites were prepared by skin
abrasion and cleansed with a 70% ethanol solution. Two
silver/silver chloride bipolar surface electrodes (Noraxon
USA Inc., Scottsdale, AZ) were placed approximately 2 cm
apart over each muscle belly. A ground electrode was
placed over the tibial tubercle. Acceptable impedance

between paired electrodes for each muscle was measured with

18
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a standard multimeter (Model 982917, Sears, Roebuck &

Company, Hoffman Estates, IL.) and deemed acceptable if
less than 2 k Q. Data were acquired with a 16-bit 16
channel Telemyo 2400T G2 transmitter (Noraxon USA Inc.,
Scottsdale, AZ). The active EMG leads had a baseline noise
<1 uV RMS, an input impedance > 100 M Q, and a base gain of
500. The transmitter had a 1st order high pass filter set
to 10 Hz = 10% cutoff on all EMG leads. All channels had a
common mode rejection > 100 dB and a low pass anti-alias
filter set to 1500 Hz. Data were transmitted at 2.412 GHz
to a Telemyo 2400R G2 receiver (Noraxon USA Inc.,
Scottsdale, AZ) which was located within 100 meters of the
transmitter. The Telemyo 2400R G2 receiver was configured
to receive analog signals via eight BNC connections. Data
from the receiver was transferred via a mini-B USB cable to
a Dell Inspiron 6000 Laptop (Dell Inc., Austin, TX)
operating Microsoft Windows XP (Microsoft Inc., Redmond
WA). Data acquisition was performed using MyoResearch XP
Master Edition 1.04 (Noraxon USA Inc., Scottsdale, AZ).

EMG data were analyzed at 1000Hz and processed real-
time: rectification, RMS smoothing (20ms), and normalized
to peak maximum voluntary contraction (MVC) EMG activity.

EMG area data was used to evaluate neuromuscular activity



at the knee. Pre- and post-land area was collected 250 ms
before and after the landing, respectively. Landing was
indicated via a force place embedded in the floor (Model
9287BA, Kistler Instrumentation Corp., Winterthur,
Switzerland).
Procedures

Participants for this study were recruited via
postings and word of mouth on Temple University’s campus.
Potential participants were scheduled for an initial
information session at the Biokinetics Research Laboratory:
Athletic Training Division. At this time, the potential
participant was screened to ensure he or she met the
inclusionary criteria. If he or she met the criteria, the
aforementioned forms were completed.

The participant was scheduled for three testing
sessions, follicular, ovulatory, and luteal. For male
participants, the second testing session occurred two weeks
after the first session and the third session occurred
seven to ten days after the second session. Female
participants using hormonal contraceptives were scheduled
according to contraceptive dosage. This was determined
based upon the “day” in their pill packet. The first

testing session was scheduled during the placebo portion of

20
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the packet, the second on day eight, and final session

between days 15 and 18 (Cammarata & Dhaher, 2008). Female
participants not using hormonal contraceptives were
scheduled for the first testing session so it coincided

with the follicular phase of the menstrual cycle, days one

to three of menstruation. Their second testing session,
ovulatory, was scheduled within twenty-four hours of the
luteinizing hormone surge, as determined by over-the-
counter ovulation kits [Wondfo One Step Ovulation (LH) Test
Strips (Wondfo USA Co., Ltd, Willowbrook, IL)]. The third
luteal testing session was scheduled for seven to ten days
after the ovulatory session.

A standardized testing procedure was followed at each
testing session. First, the participant’s height and mass
were recorded. Second, tibial translation was measured
with the KT-1000. This was followed by three trials of
handgrip, knee extensor, and knee flexor strength. Next,
the investigator prepared the participant’s skin for
electrode placement by shaving, abrading, and cleansing the
skin with a 70% ethanol alcohol solution. Electrodes were
placed on the bellies of the RF and BF of the dominant leg.
A MVC for each muscle was recorded to be used for

normalization purposes. The participant was instructed in



the task, a drop jump from a 46 cm box (Figure 3).
Participants were instructed to step off the box with the
dominant leg, followed by rolling the opposite leg off the
box. Upon landing with both feet on the force place, the
participant immediately performed a maximal vertical jump,
landing on the force plate in one continuous movement. A
Vertec (Sports Imports Inc., Columbus OH) was placed at the
force plate as motivation for a maximal vertical jump.
After practicing the task 3 - 5 times, the participant
completed 3 total drop jumps for data collection. Data
from the EMG and force plate were used to assess
neuromuscular activation and stiffness. Upon completion of
the third and final testing session, the participant was
debriefed on the purpose of the study.
Data Analyses

Data was analyzed using descriptive and inferential
statistics. To determine the influence of sex and hormones
on tibial translation, a 3 (group) x 3 (testing session)
ANOVA was used. To determine the influence of sex and
hormones on isometric muscle strength, a 3 (group) x 3
(testing session) MANOVA was used. The MANOVA was
significant, therefore multiple ANOVAs were used for each

measure to identify where significance occurred, including
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a Bonferroni post hoc test. To determine the influence of

sex and hormones on stiffness, a 3 (group) x 3 (testing
session) ANOVA was used. To determine the influence of sex
and hormones on neuromuscular activation, a 3 (group) x 3
(testing session) x 2 (time period) MANOVA was used. The
MANOVA was significant, therefore multiple ANOVAs were used
for each muscle to identify where significance occurred,
including a Bonferroni post hoc test. SPSS version 20.0
(IBM, Somers, NY) was used to analyze the data. Alpha
level of p < .05 was considered significant.
Sample Size Estimation

The selected sample size for this study was determined
a priori from pilot work within the Biokinetics Research
Laboratory: Athletic Training Division. Based on these
results, a three-factor analysis of variance with a .05
alpha level and 95% power required 10 participants per
group for a large effect size (Moffit et al., 2012). PASS
11 software (NCSS, Kaysville, Utah) was used to determine
the sample size.

Results

Statistical tables are presented in Appendix F. Raw

data is presented in Appendix G. Participant demographic

data are presented in Table 1. Menstrual cycle information
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for the female participants are presented in Table 2.
Participant 12 did not complete the second and third

testing sessions due to a lower extremity injury.

TABLE 1. Demographic Data Means and Standard Deviations

Height (cm) Mass (kg) BMI (kg/m 2)
Group M SD M SD M SD
Male 182.40+8.47 76.41+£11.33 2290+ 241
oC 169.33+x7.47 71.34+17.83 24.74 £5.34
NOC 172.80+£5.12 68.78 £10.57 22.99 £ 3.04

Note. Malen=10,OCn=9,NOCn=10

TABLE 2. Menstrual Cycle Length Means and Standard

Deviations
Oral Contraceptive No Oral Contraceptive
M SD M SD
Days 27.70 + 2.10 29.35 + 2.83

Note. OC n =9, NOC n = 10.



Tibial Translation
Tibial translation means, standard deviations and test
statistics for group and session are presented in Table 3.
A 3 (group) x 2 (time) ANOVA was used to analyze tibial
translation. No significant differences for the main

effects or interaction were found.

TABLE 3. Tibial Translation (mm) Means and Standard
Deviations for Group and Session.
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Session

1 2 3
Group M SD M SD M SD
Male 7.30 + 2.69 6.43 +1.37 6.90 + 2.05
OoC 6.63 + 1.92 6.96 + 1.36 6.88 + 1.07
NOC 7.13 +2.02 7.53 +2.87 8.07 £2.92
Note. Male n =10, OC n=9, NOC n =10. ANOVA Group x Session
F(4, 78) = .38, p =.82, ANOVA gy F(2,78)=1.12, p = .33,
ANOVAession F (2, 78)= .81, p = .84.

Local and Global Strength
Handgrip (Ibs), knee extensors (kg), and knee (kg)

isometric strength means and standard deviations are



presented by group in Table 4. A 3 (group) x 2 (time)
MANOVA was used to analyze strength data. A significant
difference was found based on group. Each strength measure
was analyzed with an ANOVA to identify where the difference
occurred. A significant difference based on group was
identified in the individual ANOVAS for all three muscles.
Post-hoc analysis for each handgrip, quadriceps, and
hamstring isometric strength revealed significantly greater
strength in M than the OC and NOC groups.
Vertical Leg Stiffness
Vertical leg stiffness means and standard deviations

are presented by group and session in Table 5. A 3 (group)
x 3 (session) ANOVA was used to evaluate data. No
significant findings based on the main effects or
interaction was found.

Quadricep and Hamstring Activation

Area EMG means and standard deviations of the RF and

BF are presented group and time period in Table 6. A 3
(group) x 3 (session) x 2 (time period) MANOVA was used to
assess the data. A significant difference was detected
based on time period. Individual ANOVAs were performed on

each muscle identified a significant difference based on
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TABLE 4. Handgrip, Knee Extensors and Knee Flexors
Isometric Strength Means and Standard Deviations

for Group
Knee Knee
Handgrip(lbs) Extensors (kg) Flexors (kg)
Group M SD M SD M SD
Male 9456 + 12.90 34.36 +5.44 33.92 +5.36
ocC* 60.64 £ 9.58 27.26 + 6.00 25.10 £ 7.83
NOC* 65.91+11.05 27.86+4.19 25.53+7.32
Note. Male n =10, OC n =9, NOC n = 10. MANOVA croup F(6,
154) = 19.83, p =.00*, MANOVA session F(6, 154) = 1.295, p=
26, MANOVA GroupxSession F(12, 204) = 63, p = 82 Handgrlp
ANOVAowp F(2, 79) = 71.95, p = .00*. Handgrip ANOVA croup F(2,
79) = 71.95, p =.00*, Mv OC p =.00* MvNOC p = .00%,
OC v NOC p =.27. Quadricep ANOVA croup F(2,79) = 16.37, p=
.00*, Mv OC p =.00*, Mv NOC p =.00* OC v NOC p = 1.00.
Hamstring ANOVA g F(2, 79) = 15.42, p =.00*, Mv OC p=

.00*, M v NOC p =.00* OC v NOC p = 1.00. *significant at
p <.05.



TABLE 5.

Vertical Leg Stiffness (kN/m) Means and Standard
Deviations for Groups and Session
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Session

1 2 3
Group M SD M SD M SD
Male 79.12+52.53 87.97+68.70 97.40+77.30
ocC 69.63 £55.98 68.38 £58.59  79.82 +75.07
NOC 60.47 + 3453 51.26 £+28.53  60.21 +50.91
NOte. Male n= 10, OC n= 9, NOC n= 10. ANOVA GroupxSession
F(4, 78) = .09, p=.98, ANOVA coup F(2, 78) = 2.186, p=.12,

ANOVAession F (2, 78): 27, p = 77



time period for both muscles. Specifically, post-land

activation was greater than pre-land.

TABLE 6. Rectus Femoris (RF) and Biceps Femoris (BF) EMG
Area Activation (%MVC) Means and Standard
Deviations by Time Period
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250ms Pre-land 250ms Post-land
Muscle M SD M SD
RF 19.71 +11.46 46.23 + 25.36*
BF 9.40 + 6.18 19.69 + 14.71*
Note. Male n =10, OC n =9, NOC n=10. ANOVA Time F(1, 152)
=73.71, p =.00. *significant at p <.05.
Discussion

It is well documented that female athletes are at a
higher risk than their male counterparts for non-contact
ACL injury (Agel et al., 2005; Arendt & Dick, 1995).
Researchers accept that risk factors for ACL injuries in
females are complex and multifactorial (Shultz, 2008), with
emphasis placed on the ever-changing hormones of the female

menstrual cycle (Hewett et al., 2007). The purpose of this
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study was to identify neuromuscular risk factors for non-

contact ACL injuries in three distinct populations (males,
females using hormonal oral contraceptives, and females not
using hormonal oral contraceptives). All participants were
evaluated at three time periods that corresponded to the
early follicular, ovulatory, and mid-luteal points of the
menstrual cycle. Based on the findings of this study,

strong evidence in support of estrogen altering laxity,
strength, lower extremity stiffness and neuromuscular
control across the menstrual cycle was not indicated.

ACL estrogen receptors have been identified (Liu et
al., 1996), and exposure to estrogen decreases fibroblast
proliferation and collagen synthesis (Yu et al., 1999),
potentially weakening the ACL. Women not using hormonal
contraceptives have been shown to experience greater ACL
laxity than males, due to circulating estrogen levels
(Pollard, Braun, & Hamill, 2006; Rozzi, Lephart, & Fu,
1999). When the ACL laxity is compared between the sexes
in an animal model, no differences between males and
females have been identified (Strickland et al., 2003;
Warden et al., 2006). This study supported the animal
model findings, as there was no significant difference in

tibial translation between Males and NOC.



31
In the general population, no differences in laxity

have been identified between women not using hormonal
contraceptives and those who do (Pokorny, Smith, Calus, &
Dennison, 2000). Conversely, in a large sample of
collegiate varsity athletes, oral contraceptive use was
associated with significantly less tibial translation
compared to regularly menstruating females (Martineau, Al-
Jassir, Lenczner, & Burman, 2004). Differences in laxity
due to hormonal oral contraceptive use were not observed in
this study. This study used a sample size comparable to
Pokorny et al., which may explain the lack of significant
difference between the two female groups.

The influence of the menstrual cycle phase on ACL
laxity is inconclusive. Though several researchers have
not identified a relationship between the phases of the
menstrual cycle (Eiling et al., 2007; Hertel et al., 2006;
Karageanes, Blackburn, & Vangelos, 2000) others have found
that laxity increases at ovulation when estrogen peaks
(Park, Stefanyshyn, Loitz-Ramage, Hart, & Ronsky, 2009;
Park, Stefanyshyn, Ramage, Hart, & Ronsky, 2009; Pollard wt
al., 2006). An interaction of group and session for the
NOC group was not noted. There was not an observable trend

in decreasing ovulatory laxity comparable with previous
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findings. Based on this lack of findings, it cannot be

concluded that estrogen increases tibial translation at
ovulation, increasing the risk of non-contact ACL injury.
This supports the suggestion that another factor,
specifically neuromuscular control, plays a role
(Strickland, Belknap, Turner, Wright, & Hannafin, 2003) .

One component of neuromuscular control is strength.
In this study, global strength was assessed via handgrip
strength, while local strength of the knee extensors and
knee flexors was measured. Although not normalized to body
weight, across all measures, strength was greater in males,
which is expected due to testosterone’s role in increasing
muscle mass (Saladin, 2007). There was no difference in
strength between the two female groups. Although muscle
cells display estrogen receptors (Wiik et al., 2003), the
difference in circulating estrogen between the two female
groups was not associated with a significant difference in
strength in any of the measures. Furthermore, there was
not a significant difference in strength based on testing
session.

Based on previous research (Jovanovic et al., 2004;
Sarwar et al., 1996) an increase in muscle strength in the

NOC group at ovulation should have been observed. In
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agreement with Friden et al. (2003) and Hertel et al.

(2006), no changes were detected in this study. These
findings may be explained by the use of better techniques
to identify the menstrual cycle phase than those used by
Jovanovic and Sawar, as cycle phase in their studies was
determined via self-report. Friden and Hertel utilized
more precise hormonal assays to confirm reported menstrual
cycle phase. Though assays were not employed in this
study, an ovulation test was used to schedule the ovulation
testing session, similar to other methodology (Bell et al.,
2009; Bryant, Crossley, Bartold, Hohmann, & Clark, 2011).
The difference between self-report and more precise
technigues to determine menstrual cycle phase may
contribute to the agreement on estrogen’s role in strength.
Although the findings indicate that estrogen did not
affect strength, it was hypothesized to affect lower
extremity stiffness. Stiffness is the ability of a tissue
to resist changes in length and tension (McNair, Wood, &
Marshall, 1992), which contributes to joint stability
(Huxel et al., 2008). Higher levels of stiffness, common
in males, protect the ACL against non-contact injury though
co-contraction of the quadriceps and hamstrings (Wojty et

al., 2002). Significant differences in stiffness between
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the three groups were not identified. However, when

examining the means, men appear to have higher stiffness
(88.16 kN/m) than both female groups (OC = 72.24 kN/m, NOC
=57.32 kN/m). The most likely reason for not finding any
significant differences ( p =.122) between the groups is
due to the large standard deviations (M = 65.06, OC =
60.69, NOC = 56.52) and low power (.430), indicating the
need for a larger group size. An increased sample size may
support previous findings of differences in vertical leg
stiffness between the sexes (Granata, Wilson, & Padua,
2002; Padua, Carcia, Arnold, & Granata, 2005; Padua et al.,
2006; Wojtys et al., 2002).

In addition to sex differences, there is some evidence
that stiffness is influenced by circulating estrogen
levels. Specifically, stiffness decreases at ovulation
(Eiling et al., 2007; Park et al., 2009). Although an
effect based on the interaction of group and session was
not found, the NOC group experienced a 15% decrease in
stiffness from follicular to ovulatory testing sessions,
coinciding with the time frame when ACL injuries are most
likely to occur (Hewett et al., 2007). Bell et al. (2009)
also examined the influence of the menstrual cycle on

stiffness. Although Bell’s study did not identify a
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significant difference in stiffness at ovulation, stiffness

decreased by 9%, suggesting this number may become
significant if group size is increased.

Research has identified that men and women use
different muscle activation strategies about the knee for
similar tasks, specifically males demonstrate greater
hamstring reliance while females rely more on quadriceps
activation (Beaulieu et al., 2008; Chaudhari et al., 2007;
Landry et al., 2007a; Landry et al., 2007b). Greater
hamstring activity is protective of the ACL due to the
synergistic properties of the muscle (Draganich, Jaeger, &
Kralj, 1989). A difference in both quadriceps and
hamstring activation between sexes was not found. This is
in agreement with Russell et al. (2007), who also used a
drop jump task to evaluate for differences between sexes.
When comparing previous research to the findings of this
study, it is important to consider that other than
Bealieu’s work, previous research did not place females in
distinct groups based on menstrual cycle phase or hormonal
contraceptive use. Thus, comparison of the findings is
somewhat limited due to the specificity of groups used in

this study.
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Few studies have attempted to explore the relationship

between the menstrual cycle and neuromuscular control in
women. Hertel et al. (2006) used postural control in a
single leg stance to evaluate for neuromuscular differences
in the menstrual cycle and did not find any influence of
estrogen. While current findings are in agreement,
different measures of neuromuscular control were used, as
this study directly measured neuromuscular activation
coupled with a dynamic activity. Conversely, Bryant et al.
(2011), evaluated neuromuscular control via hopping
postural control. Results from Bryant’s study indicated
decreased neuromuscular function at the time of ovulation
compared the midpoint of a hormonal contraceptive cycle.
It is worth nothing that Bryant et al. (2011) examined a
larger sample size than both Hertel and the current study.
Decisions on Aims and Hypotheses
Based on the results of this study, the following
decisions on the hypotheses were made:
Aim 1
1. There were no significant differences in tibial

translation across groups. Hypothesis 1 was rejected.



2. There were no significant differences in tibial
translation across testing sessions. Hypothesis 2 was
accepted.

3. There was no significant difference based on the
interaction of group and testing session. Hypothesis 3 was
rejected.

Aim 2

1. A significant difference based on strength was
observed. Males had significantly greater strength than OC
and NOC. There was no difference in strength between OC
and NOC. Hypothesis 1 was accepted.

2. There was no significant difference in strength across
testing sessions. Hypothesis 2 was accepted.

3. There was no significant difference based on the
interaction of group and testing session. Hypothesis 3 was
rejected.

Aim 3

1. There was not a significant difference in lower
extremity stiffness based on testing session. Hypothesis 1
was rejected.

2. No significant difference existed across testing

sessions. Hypothesis 2 was accepted.
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3. There was no significant difference based on the
interaction of group and testing session. Hypothesis 3 was
accepted.

Aim 4

1. There were no significant differences in neuromuscular
activation based on groups. Hypothesis 1 was rejected.

2. There were no significant differences in neuromuscular
activation based on testing session. Hypothesis 2 was
accepted.

3. Post-land activation was significantly greater than
pre-land activation in both the quadriceps and hamstrings.
Hypothesis 3 was accepted.

4. There was no significant difference based on an
interaction of group, testing session, and time period.
Hypothesis 4 was rejected.

Conclusions
From the findings this study, it is not possible to
prove that estrogen affects strength, stiffness and
neuromuscular control through Johansson’s Final Common
Input Hypothesis (Johansson et al., 1991). Itis also not
possible to reject, as there were limitations to this
study, the first being sample size. A priori

analysis identified need for 10 participants per group for
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a large effect size based previous findings (Moffit et al.,

2012). The analysis of the final data did not agree with a
priori  numbers. Power analysis was calculated after
statistical analysis of the data and indicated that 30
participants would be needed per group to reach
significance. It is worth noting that the initial analysis
was performed on collegiate athletes, while a physically
active population was used for this study. Differences in
muscle activity between elite athletes and non-athletes
have been identified (Huston & Wojtys, 1996; Viitasalo,
Salo, & Lahtinen, 1998). It would be worthwhile to
replicate this study with elite athletes, but anecdotally
it is difficult to find regularly menstruating female
athletes.

Another reason for the lack of significant findings in
this study is the variability of the female menstrual
cycle. Women not using any form of hormonal contraceptives
have significant variations in their menstrual cycle length
(Creinin, Keverline, & Meyn, 2004), with the most
variability occurring in either missed ovulation
(Montgomery & Shultz, 2010) or changes the length of the
luteal phase (De Souza et al., 1998). The women not using

oral contraceptives in this study typically had greater



standard deviations than their oral contraceptive
counterparts. In the future, an improved design would be
to collect data over several cycles.

Recommendations for Further Research

1. More sensitive measuring techniques should be used to
measure tibial translation, isometric strength, and lower
extremity stiffness, as the methods used may not be
accurate enough.

2. Follow the participants through several menstrual
cycles to account for the within cycle variability.

3. Update what is known about the average length of the
menstrual cycle, as basic research is dated.

4. Identify what percentage of college-age, physically
active women use hormonal contraceptives, and the dose of
estrogen.

5. Examine the role of estrogen on neuromuscular function

at the cellular level.
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CHAPTER 2
REVIEW OF LITERATURE
ACL Injuries and Sex
Approximately one out of every 1,750 persons between

the ages of 15-45 will experience an anterior cruciate
ligament (ACL) injury (Griffin et al., 2000). Female
athletes experience ACL injuries at a rate double to
guadruple of that of their male athlete counterparts,
regardless of mechanism (Agel et al., 2005; Arendt & Dick,
1995). Noncontact injuries are the most common, often
caused by no apparent contact with the ball, floor, or
opposing player (Agel et al., 2005). Many attempt to
explain this disparity between males and females through a
variety of risk factors. Two risk factor areas that are of
great importance are the fluctuation of hormones involved
in the female menstrual cycle (Arendt et al., 2002; Hewett
et al., 2007; Wojtys et al., 1998; Woijtys et al., 2002) and
knee neuromuscular control differences between genders
(Griffin et al., 2000; Hewett, 2000; Hewett, Myer, & Ford,

2006).

The relationship among gender, the hormonal cycle, and

neuromuscular control in regards to the increased risk of

ACL injuries in female athletes is unclear. This
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literature review is intended to summarize the findings of

current research, to identify the influence of hormones on
neuromuscular control, and to better understand the
relationship muscle function and neuromuscular control.
Hormonal Differences Between
Males and Females

The most striking difference in the internal
environment between sexes is the concentration of hormones,
specifically testosterone, estrogen and progesterone. All
three hormones are found in both males and females, and are
stimulated by two gonadotropins: follicle-stimulating
hormone and luteinizing hormone. These two gonadatropins
determine the concentration of testosterone, estrogen, and
progesterone.

In males, testosterone is the dominant hormone and is
continuously secreted. It is produced when the testes are
stimulated by luteinizing hormone (Saladin, 2007).
Testosterone needs to bind to cells in the testes to
produce sperm, but there are no testosterone receptors in
these cells. Follicle-stimulating hormone produces
androgen binding proteins to allow the testosterone to
bind, triggering sperm production. An excess of

testosterone will inhibit release of the gonadotropins. In



addition to sperm production, testosterone is also
responsible for the development of the secondary sex
characteristics, including increased muscle mass (Saladin,
2007). A precursor of estrogen (MacDonald, Madden,
Brenner, Wilson, & Siiteri, 1979), testosterone can be
converted to estrogen in males. In males, estrogen assists
in the regulation of sperm production and is thought to
have a role in sexual behavior (Rochira et al., 2005).
Estrogen, most abundant in the form estradiol, and
progesterone are the dominant hormones in females. Low
levels of testosterone are also found in females, which
contribute to sex drive. The main feminine hormone is
estrogen, as it is responsible for the secondary sex
characteristics that occur during puberty, such as widening
of the pelvis and deposition of fat around the hips.
Progesterone functions to prepare the uterus for a
pregnancy. The levels of estrogen and progesterone vary in
a 28 day menstrual cycle with the goals of preparing an egg
for fertilization and providing a nutrient-rich environment
for fetal development in case of fertilization. Like
testosterone, both estrogen and progesterone can inhibit

release of gonadotropins (Saladin, 2007).
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The menstrual cycle phase averages 28 days in length
and can be divided into two main phases: follicular (days 1
—14) and luteal (15 — 28). In the early follicular phase
(menstrual phase), high levels of follicle-stimulating
hormone promote the release of estradiol from the ovaries,
and estrogen levels rise in the later portion of the
follicular phase (preovulatory phase). The increase in
estradiol inhibits follicle-stimulating hormone while
stimulating luteinizing hormone, which peaks around day 14.
The spike in luteinizing hormone causes a release of an egg
from the ovaries into the uterus, indicating the beginning
of the luteal phase. Initially, estrogen and luteinizing
hormone levels drop, followed by a rise in estrogen and
progesterone levels, with progesterone reaching higher
levels than estrogen. Follicle-stimulating and luteinizing
hormone levels drop due to the high concentration of
estrogen and progesterone. Toward the end of the luteal
phase, estrogen and progesterone levels decline, while
follicle-stimulating hormone levels increase, allowing a
new cycle to begin (Figure 1; Saladin, 2007).

Although the menstrual cycle is described as being a
consistent 28 - day cycle, it can vary within and between

women. Most women experience a cycle that ranges between

a7



26 to 32 days (Ireland & Ott, 2004). Occasionally, a
normally menstruating woman may experience an anovulatory
cycle, in which she has a normal length cycle, but an
ooctye is not released (Montgomery & Shultz, 2010). Other
times, the length of the luteal phase can vary. This
commonly occurs in physically active females due to a
decreased energy balance, as 48% of runners experienced a
shortened luteal phase (De Souza et al., 1998). Both of
these variations are common in physically active women.
Hormonal Contraceptives

Contraceptives are designed to prevent either
conception or pregnancy from occurring. The methods work
by disrupting the female menstrual cycle or preventing
sperm from reaching the oocyte. Several different methods
of contraception exist, ranging from sterilization to
condoms (Mosher & Jones, 2010). Oral contraceptives (OC)
are the most common form, with reported use in 10.7 million
sexually-active American females of child-bearing age
(Mosher & Jones, 2010).

Oral contraceptives, composed of artificial estrogen
or progesterone, or a combination of the two, are designed
to prevent release of a mature oocyte from the ovaries

(Frye, 2006). The most common and effective contraceptive
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is a combination OC (Frye, 2006). Combination OCs are

classified as: monophasic, which has constant levels of
estrogen and progesterone throughout the cycle; biphasic,
which has two different doses of hormones in two different
phases; and triphasic, which uses three different doses in
three phases (Frye, 2006). These doses will prevent the
production and release of FSH, LH, estrogen, and
progesterone in the body (Fleischman et al., 2010). Most
often, the levels of estrogen, progesterone, FSH, and LH
will remain constant during the menstrual cycle (Fleischman
et al., 2010). Some OCs have a slight increase of estrogen
at the midpoint, and others may experience a minor increase
of estrogen, but the changes will not be as pronounced as
in the normal menstrual cycle (Fleischman et al., 2010;
Frye, 2006).
ACL Injuries and Menstrual Cycle Phase

The link between ACL injuries and menstrual cycle
phase was first noted in 1998, with a greater number of
injuries associated with ovulation (pre-ovulatory phase;
(Woijtys et al., 1998). Subsequent studies confirmed this
general finding of a higher incidence of injuries in the
follicular phase, but disagree if they are more likely to

occur in the early portion of the follicular or ovulation



phase (Adachi et al., 2002; Hewett et al., 2006; Hewett et
al., 2007; Wojtys et al., 2002).

Although there is a general consensus that more
injuries are likely to occur in the follicular phase
(Hewett et al., 2007), these findings must be carefully
interpreted, as there are weaknesses in the data collection
in these studies. Many of the studies used only a
guestionnaire to retrospectively determine menstrual cycle
phase at time of injury, which is problematic because the
menstrual cycle exhibits variability among and within
women. Studies improved upon this design by adding urine
or saliva assays to verify menstrual cycle phase via
hormonal concentrations (Wojtys et al., 2002). While
providing an improved research design, the samples were
gathered up to 3 days post-injury, which could identify
time of injury in a different phase than when it actually
occurred. For example, an individual who sustained an ACL
injury just prior to ovulation, when estrogen levels are
highest, may have saliva collected in the early portion of
the luteal phase, when estrogen levels have dropped.

Many theories exist as to why there is an increased
risk of injury in the follicular phase of the menstrual

cycle. It was theorized an increase in estrogen stimulated
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the estrogen receptors located on the ACL, weakening the
collagen. Animal models (Strickland et al., 2003; Warden
et al., 2006) and studies in humans (Hertel et al., 2006;
Rau et al., 2005; Wentorf et al., 2006) have rejected this
theory. The most current hypothesis is that the hormones
of the menstrual cycle affect neuromuscular control at the
knee (Griffin et al., 2000; Hewett, 2000; Hewett et al.,
2006; Hewett et al., 2007). While there is gross evidence
that supports this claim, it is not fully understood what
effect sex-related hormones have at the cellular level in
the muscles at the knee.
Hormonal Influence on Neuromuscular Control
at the Cellular Level

Cardiomyocytes

While there is a lack of research on the effect of
hormones on neuromuscular control of skeletal muscle at the
cellular level, there is evidence that hormones do have an
effect on neuromuscular control of the heart. Most
notably, the heart rate of males and females differ, with
females experiencing higher heart rates and a longer rate-
corrected QT interval than males (Rautaharju et al., 1992).
Closer examination reveals a difference between the S-wave

and T-wave in women and men (Merri, Benhorin, Alberti,
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Locati, & Moss, 1989; H. Yang et al., 1997). Furthermore,

this difference does not exist prior to puberty (Rautaharju
et al., 1992), which indicates that gender and the sex-
hormones, specifically the ratio of estrogen to
progesterone (Kawasaki et al., 1995), increases the
repolarization time period.

In animal models, both testosterone and estrogen
receptors have been identified on the heart (McGill,
Anselmo, Buchanan, & Sheridan, 1980; Sheridan & McGill,
1984; Sheridan, McGill, Aufdemorte, Triplett, & Holt, 1989;
Stumpf, Sar, & Aumitiller, 1977). These receptors are
functional, as increases in estrogen influence the function
of slow K+ channels and calcium currents (Pham & Rosen,
2002). In rabbits, there are action potential
repolarization differences in the papillary muscles,
resulting in a longer repolarization period in females
(Pham & Rosen, 2002), supporting the differences in the T-
wave. This difference between sexes may be explained by a
smaller inward potassium current in females (Liu et al.,
1998) at -50 mV. Additionally, rapidly activating delayed
potassium current density is 20% lower in females than in
males (Liu et al., 1998). Furthermore, differences exist

in the L-type Ca channels between males and females.



Females have greater conductance of calcium through L-type
channels in the epicardium than in the endocardium (Pham &
Rosen, 2002).

The difference in cardiac function between males and
females can be observed through differences in heart wave
and the QT interval. The differences in the QT interval
are partially explained through the effect of sex-hormones
on potassium differences between males and females, in
addition to L-type channel differences. The exact
mechanism of this is unknown. Since estrogen and
testosterone receptors do exist on cardiac muscle,
circulating levels of these hormones may bind to the
receptors and alter transcription of genes at the DNA level
(Pham & Rosen, 2002). However, more research is needed to
understand this complex relationship.

Skeletal Myocytes

Less information is known regarding hormonal
neuromuscular control of skeletal muscle than of cardiac
muscle. Like cardiac muscle, there are known estrogen
receptors (ER) on muscle, and they fall into two
categories, ER o and ER B (Wilk et al., 2005). Expression of
ERx from mRNA is 180 times greater than expression of ER

in both males and females in the quadriceps femoris,



although greater amount of ER B receptors were identified on
the surfaces of the cells (Wiik et al., 2003). Muscle
biopsies from the quadriceps of highly trained endurance
male athletes have greater levels of ER o and ER B mRNA than
their less physically active counterparts (Wiik et al.,
2005). This may indicate that there are more estrogen
receptors on type | fibers that type IIA and type 11B
fibers.

Although information on neuromuscular control with
respect to estrogen is scarce, some evidence suggests
estrogen levels affect the quality of muscle contraction
across different muscles of the lower extremity and
different fiber types, as muscle tension is lower in
muscles where ER o receptors have been removed (Brown, Ning,
Ferreira, Bogener, & Lubahn, 2009; McCormick, Burns,
Piccone, Gosselin, & Brazeau, 2004; Wiik et al., 2009). An
absence of estrogen in females increases the time to reach
peak muscle tension (McCormick e al., 2004). In females,
it is thought that estrogen can increase muscle tension,
while decreasing time to peak tension.

One must use caution when applying these results to
females experiencing a normal menstrual cycle. Both

studies used a rat model that mimics the effect of
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menopause more than the menstrual cycle. The rats

underwent either prolonged periods of estrogen doses, or
prolonged periods of estrogen absence before testing. In
normally menstruating humans, estrogen and progesterone
levels differ approximately every two weeks. The levels of
estrogen in the average menstrual cycle may not be long
enough for the previously stated effects to take place.
Neuromuscular Control at the Knee

While the exact mechanism may not be fully understood,
there are observable differences in neuromuscular control
of the knee between males and females, and between females
in the follicular and luteal phases of the menstrual cycle.
To better appreciate this relationship, it is necessary to
understand the contribution of the hamstrings, quadriceps,
and gastrocnemius to neuromuscular control of the knee in
relation to the function of the ACL.

The ACL, which attaches on the anterior tibia and
posterior femur, helps to stabilize the knee, by preventing
anterior translation of the tibia upon the femur (Saladin,
2007). The hamstrings, an agonist of the ACL, also help
prevent anterior translation of the tibia (Draganich,

Jaeger, & Kralj, 1989). Since the hamstrings attach on the

tibia from the posterior femur, they can contribute to the
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stability provided by the ACL. Two muscles that act as

antagonists to the ACL are the quadriceps and the
gastrocnemius (Draganich et al., 1989; Fleming et al.,
2001). The attachment of the quadriceps is also on the
tibia, but the anterior aspect. Contraction of the
guadriceps draws the tibia anteriorly, loading the ACL.
The gastrocnemius attaches to the posterior femur, causing
posterior translation of the femur upon the tibia, again
placing an unwanted load upon the ACL. The dynamic
interplay among these three muscles during functional
activity contributes to the dynamic restraint of the knee
and the ACL.
Male and Female Comparisons

Males and females are thought to utilize different
neuromuscular activation strategies of the knee. Overall,
males display greater stiffness in the knee than females
(Cammarata & Dhaher, 2008), which is protective of the ACL
in males, providing more support through increased
hamstring activation. The differences in muscle activation
are pronounced in the hamstrings and gastrocnemius muscles
during crosscutting and straight running activities, as
males have greater activation levels of hamstring

activation than females. Females also have higher



activation of the gastrocnemius than males (Landry et al.,
2007a). Additionally, during side-cut maneuvers, females
display greater quadriceps activation (Landry et al.,
2007b), and less hamstring activation (Beaulieu et al.,
2008) than in males. These differences could account for
the increased risk of ACL injuries in females, as they rely
on the antagonists of the ACL during various functional
activities.

The equivocal results of the male and female
differences in neuromuscular activation of the knee during
functional activities may be attributed to the menstrual
cycle. Most studies that examine gender differences do not
consider the menstrual cycle when selecting and testing
female participants. Of the studies mentioned above, only
one controlled for the menstrual cycle phase when
performing data collection (Beaulieu et al., 2008), which
did identify differences between sexes.

Follicular-phase Female and Luteal-phase

Female Comparison

Sex-hormone levels in females may affect neuromuscular

control. Again, low levels of estrogen are a
characteristic of the early follicular phase, when the

hormonal levels in females are most similar to males
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(Jovanovic et al., 2004) . Estrogen levels begin to
increase in the latter half of the follicular phase while
progesterone remains low. Estrogen then falls and rises in
the luteal phase, which also has high levels of
progesterone.

During the pre-ovulatory portion of the follicular
phase, there is an increase in isometric strength
production of the quadriceps (Sarwar et al., 1996). This
is complemented by a slowing of relaxation of the same
muscle fibers (Sarwar et al., 1996), and an increase in
extensibility of the hamstrings (Bell et al., 2009).
Collectively, this could account for the increased risk of
ACL at this point of the menstrual cycle. Based on the
dynamic restraint of the knee, the increased strength
produced by the quadriceps, paired with the increased
extensibility of the hamstrings, can increase the amount of
anterior tibial translation, leaving the ACL exposed for
injury. However, the protocols for determining the
menstrual cycle phase in both of these studies were
rudimentary. In studies that verified the menstrual cycle
phase via hormonal assays, there are no differences in both
guadriceps and hamstring strength across the testing points

(Chaudhari et al., 2007; Fridén, Hirschberg, & Saartok,
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2003; Hertel et al., 2006). Again, results are equivocal
for differences in neuromuscular control across menstrual
cycle phases.

Conclusion

Hormones can influence neuromuscular control of
muscle. Most notably, this exists in the heart where low
levels of testosterone combined with high estrogen and
progesterone levels in females contributes to an increased
QT interval, by slowing the repolarization phase. Estrogen
is thought to increase skeletal muscle tension while
decreasing the time it takes for the muscle to reach peak
tension.

These observable changes in the neuromuscular control
of muscle due to concentration of testosterone, estrogen,
and progesterone may give further insight to the increased
risk of ACL injury in female athletes, specifically during
the estrogen-rich pre-ovulatory phase. The increased
estrogen levels at this point have been found to increase
guadriceps strength and hamstring extensibility. These
changes in muscle function at this point of the menstrual
cycle expose the ACL to injury by increasing tibial
translation. The model of this relationship at the

cellular level is unknown.



Future research can improve understanding in this area

by conducting studies of the skeletal at the cellular

level. ldentifying this relationship between hormones and
neuromuscular control may help in the prevention of ACL
injuries in females. This could be achieved by examining
effect of hormonal-contraceptives on neuromuscular control

or identifying the effect of ACL prevention programs on how
neuromuscular control could change over time regardless of

the levels of estrogen and progesterone.
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INVESTIGATOR: Dani Moffit, PhD, ATC
Program Director, Undergraduate Athletic Training
Education

Department of Kinesiology
Temple University
134 Pearson Hall, 048-00

Philadelphia, PA 19122

SITE(S): Biokinetics Research Laboratory-Athletic Training Division

Pearson Hall 002, Temple University

STUDY-RELATED

PHONE NUMBER(S): Dani Moffit, PhD, ATC: 215-204-8836 (office)
609-413-1788 (24 hour)
Anne Russ, Study Coordinator: 215-204-1963

Temple University is not receiving monetary compensation for performing this

research study.
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This consent form may contain words that you do not understand. Please ask the
study staff to explain any words or information that you do not clearly understand.

You may take home an unsigned copy of this consent form to think about or
discuss with family or friends before making your decision.
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PURPOSE OF THE STUDY
You are being asked to take part in a research study designed to determine the
effect of sex, hormones and contraceptives on muscle strength and function.
You are being asked to join this study because you are between 18-25 years of
age and are physically active.

PROCEDURES

You are being asked to participate as one of thirty subjects in a research
study at Temple University. First, you will complete a familiarization session
where the necessary paper work will be given to you to complete and further
testing sessions will be scheduled. You will complete three testing sessions,
each 45 minutes long. If you are male, you will be scheduled for your first
session at any time, the second one 2 weeks after the first, and the third session
a week later. If you are a female and using oral contraceptives, your first session
will take place between days 1 and 3 of your pill packet, the second session on
day 14, and the third between days 21 and 24. If you are a female not using oral
contraceptives, your first testing session will be scheduled based on your
menstrual cycle. The first session will be scheduled based on the onset of your
menstrual period. The second one will be scheduled within 24 hours after you
have a positive over-the-counter ovulation test. The ovulation test and
instructions will be provided for you in the familiarization session. The final
testing session will be 7 to 10 days after the second session. All females will be
told to contact the researchers when your next menstrual cycle begins. At each
testing session, the researchers will evaluate motion available at your knee, the
strength of your knee, and your ability to perform a functional activity that
consists of a drop jump off a box to a maximal vertical jump. You will be asked to
complete a Demographic and Health History Questionnaire prior to participation.
If you are a female, you will also be asked to provide information regarding your
menstrual cycle.

Electromyographic Data Collection

This study involves electromyographic (EMG) testing, a measurement of
muscle activity, with a device called an EMG unit that includes surface electrodes
on my skin. Your muscle activity will be recorded while you perform the functional
activity three times. Preparation for the surface electrodes requires the
investigator to shave, lightly abrade, and clean small areas of your skin (with
70% ethanol solution) before the surface electrodes are placed directly onto your
skin. The electrodes will be attached to cables to a computer. At the conclusion
of testing, the electrodes will be removed from your skin by being pulled gently,
and that the area surrounding the site will be cleansed.

Drop Jump to a Maximal Vertical Reach Activity

You will be completing a drop jump to a maximal vertical reach three times
at each testing session. You will start with a drop jump off a box, land with both
legs, and immediately jump up a high as you can while trying to move the veins
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on a stand. You will participate in a three data collection session that will take
approximately 45 minutes each. You have the ability to end the test at any time.

RISKS AND DISCOMFORTS

The risks involved with participation in this study include skin irritation and
bruising. All risks will be decreased by using proper techniques and first aid
supplies. You may experience muscle soreness as a result of testing. EMG
procedure may cause short-term discomfort, skin irritation, and bruising, and that
little, if any, discomfort should be felt during testing as a result of the surface
electrodes. If you experience pain, numbness, or tingling, you should notify the
researcher and you will have a prompt medical evaluation.

BENEFITS

You will not directly benefit from the results of this study. However, the results
may provide clinicians information regarding the possible risk factors of anterior
cruciate ligament injuries.

COSTS
There will be no costs for you during participation in this study. Females who
need to take an ovulation test will be given the materials.

PAYMENT FOR PARTICIPATION
You will receive no compensation for completeing this study.

CONFIDENTIALITY

All documents and information pertaining to this research study will be kept
confidential in accordance with all applicable federal, state, and local laws and
regulations. You understand that medical records and data generated by the
study may be reviewed by Temple University’s Institutional Review Board and
the Office for Human Subjects Protections (OHRP). You understand that the
results of this study may be published. If any data is published, you will not be
identified by name.

COMPENSATION FOR INJURY

If you are injured as a result of the study or a procedure required to be done only
as part of the study, your hospital and medical care will be provided at Temple
University Hospital at no cost to you. Other financial compensation (such as lost
wages or pain and suffering) for such injuries is not routinely available. By
signing this consent form you are waiving any of the legal rights that you
otherwise would have as a participant in a research study.

VOLUNTARY PARTICIPATION AND WITHDRAWAL
Your participation in this study is entirely voluntary, and refusal to participate will
involve no penalty or loss of benefits to you. You may discontinue your
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participation at any time without penalty or loss of benefits. Your participation in
this study may be stopped at any time by the study doctor without your consent.

REASONS FOR REMOVAL FROM THE STUDY

During the study the investigator may remove you from testing. There may be
several reasons: If your medical history form indicates that you have health
issues (e.g., signs and symptoms of a recent head injury) that may interfere with
the test results or increase their injury risk you may be excused.

QUESTIONS
If you have any questions about my rights as a research subject, you may contact
the Institutional Review Board Coordinator, Richard Throm at (215) 707-8757.

If you have any research-related questions, you may contact Dani Moffit, PhD,
ATC:

215-204-8863 (office)
609-413-1788 (24 hour)

Do not sign this consent form unless you have had a chance to ask questions
and have received satisfactory answers to all of your questions.

If you agree to participate in this study, you will receive a signed and dated copy
of this consent form for your records.
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CONSENT

| have read this consent form and the study has been explained to me. All my
guestions about the study and my patrticipation in it have been answered. | freely
consent to participate in this research study.

By signing this consent form | have not waived any of the legal rights that |
otherwise would have as a subject in a research study.

The Effect of Gender, Menstrual Cycle, and Attentional Distraction on
Neuromuscular Activity During a Jumping Task

Subject Name

Signature of Subject Date

Signature of Person Conducting Informed Date
Consent Discussion

Signature of Principal Investigator Date
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STUDY- SPECI FI C DOCUMENT

1. RESEARCH STUDY: Protocol 20165 — Sex, Hormones and Use
of Contraceptives on Muscle Strength and Function

2. PRI NCI PAL | NVESTI GATOR Dani Moffit, PhD, ATC
Department of Kinesiology

134 Pearson Hall, 048-00
Temple University
Philadelphia, PA 19122

3. RECI Pl ENTS:Sponsor:
Sponsor Agents: None

Temple University: Temple University

Institutional Review Board

Other(s): OHRP - Office of Human Research

Protections

4. EXPI RATI ON DATE: None

5. OTHER | NFORVATI ON:

Signature of Patient Date

Printed Name of Patient

Signature of Personal Representative of the Patient Date

Printed Name of Personal Representative of the Pati ent and Relationship
to Patient

Signature of Person Collecting Authorization Date

Printed Name of Person Collecting Authorization
Version.1.10.2005 — Research Authorization Study-specific
Document
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Denogr aphi ¢ and Health Hi story Questionnaire

Participant ID: Date:
Gender: M F Cycle: F L N/A
Age:

PLEASE ANSWER THE FOLLOWING CONDITIONS TO THE BEST OF YOUR
ABILITY.

1. Are you currently unable to participate in |ower
extremty activities due to injury?
NO__
YES___ (if so, explain)

2. Have you injured either knee within the last 6 nonths?
NO_
YES___ (if so, explain)

3. Have you injured either ankle within the |ast 6 nonths?
NO__
YES___ (if so, explain)

4. If yes to any of the above, please answer:
Have you ever seen a doctor for your injury (s)?
NO__

YES___ (if so, explain)

5. Do you have any other nuscle or skeletal disorders that
t he researcher should be aware of ?
NO__
YES___ (if so, explain)

6. Are you presently taking any nedi cations that may
af fect your equilibriumor bal ance?
NO__
YES___ (if so, explain)

7. Have you ever had any type of surgery that may prevent
your participation in this study?
NO__
YES___ (if so, explain)

8. How many tines do you exercise per week?
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9. Do you have or have you ever had: PLEASE Cl RCLE
High blood pressure? YES NO
Heart disease? YES NO
Angina or chest pains? YES NO
Heart attack? YES NO
Heart surgery? YES NO
Heart palpitations/heart racing? YES NO

An abnormal electrocardiogram (ECG, EKG)? YES NO
High cholesterol? YES NO
Heart murmur or other heart defects? YES NO
Phlebitis or blood clot? YES NO
Frequent pain or cramping in your legs? YES NO
Anemia or other blood disorders? YES NO
Shortness of breath upon exertion? YES NO
Asthma? YES NO
Allergies? YES NO
Pneumonia or bronchitis? YES NO
Emphysema or other breathing disorder? YES NO
Stroke? YES NO
Seizures? YES NO
Dizziness or fainting spells? YES NO
Severe muscle weakness? YES NO
Glaucoma? YES NO
Significant vision or hearing disorders? YES NO

Anxiety, depression, or panic disorders? YES NO
Thyroid disorder? YES NO
Diabetes or high blood sugar? YES NO
Cancer or leukemia? YES NO
Lupus, rheumatoid arthritis, or

autoimmune disease? YES NO
Osteoarthritis or other bone/joint disease? YES NO

Cervical spine injury and/or pathology? YES NO
Thoracic spine injury and/or pathology? YES NO

(Please note: if you responded yes to any of the questions
above, you may be asked to provide further details.)

Please indicate any medical and/or health concerns you may
have which have not been addressed by the previous items on
this form.



If there are any questions please feel free to contact one
of the investigators at the following:

Dani Moffit, PhD, ATC

134 Pearson Hall, Temple University

Philadelphia, PA 19122 (215) 204-8836
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Si gnature of investigator
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Femal e Menstrual Cycle Questionnaire

Participant ID: Date:

Please answer the following questions to the best of your
ability. See attached calendar as a reference.

When did your |ast period begin (first day began
menst ruating) ?

When did your |ast period end (end of nenstruation)?

VWhat day of the nenstrual cycle are you currently
experiencing (day begin nmenstruating is considered Day 0)?

Are you currently taking any form of hornonal
contraceptive? |If yes, please wite the nane of the
contraceptive you are using.

To your know edge, are you pregnant? __ YES NO

Pl ease indicate any nedi cal and/or health concerns you may
have whi ch have not been addressed by the previous itens on
this form

Pl ease mark on the attached cal endar your previous two
cycl es. o

If there are any questions please feel free to contact the
investigator at the following:

Dani Moffit, PhD, ATC
134 Pearson Hall, Temple University
(215) 204-8836

Si gnature of participant Dat e

Si gnature of investigator Dat e



Please mark the first day of your period with a 1 and

number the days until it stops.
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Date

Month

Month

Month

1

OO|NOO|O B WIN
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VOLUNTEERSNEEDED FOR A RESEARCH STUDY

TITLE OF STUDY: Sex, Hormones, and Use of Contraceptives on Muscle Strength
and Activation

PURPOSE OF THE RESEARCH: To examine the role sex, hormones and
contraceptives have on muscle and joint functions.

PARTICIPANT CRITERIA: All participants must be current college students:

» Between 18 and 25 years old

» Having no history of lower extremity injury within 6 months prior to the
study

* Exercise at least 30 minutes three times a week

PROCEDURES: The participant will attend three data collection sessions lasting
approximately 45 minutes. At each session, the participant’s knee lagdity a
strength with be measured. The participant will then do a drop-jump to a vertical
jump 3 times. During this activity, EMG muscle activity will be recaordeth

stick-on surface electrodes over the leg.

All testing will take place at th€emple University Biokinetics Resear ch
Laboratory (Pearson Hall 02).

If interested, please contact:

Anne Russ

Temple University
Pearson Hall 002
Philadelphia, PA 19140
(215) 204-1963
anne.russ@temple.edu

Protocol 20165
Approved by the Temple IRB from 12/13/11 to 12/12/12
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APPENDIX F-1. ANOVA Summary for Tibial Translation
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Effect SS dF MS F P Power
Group (G) 10.339 2 5.169 1.124 .330 .241
Session (S) 1.611 2 .805 175 .840 .076

GxS 6.991 4 1.748 .380 .822 133
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APPENDIX F-2. MANOVA Summary for Handgrip, Quadricep, and Hamstring Isometric Strength
Effect dF F P Power
Group (G) 2 19.832 .000* 1.000
Session (S) 2 1.295 .263 497
GxS 4 .625 415 311

Note: *significant at p <.05.



APPENDIX F-3. Follow-up Group ANOVA Summary for Handgrip, Quadricep, and Hamstring
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Strength
Post Hoc

Effect SS dF MS F P Power  Comparisons P

Handgrip

Group 19432.20 2 9716.10 71.95 .00* 1.00 M-0C .00*
M—-NOC .00*
OC-NOC .27

Quadricep

Group 909.20 2 454.60 16.37 .00* 1.00 M- 0OC .00*
M—-NOC .00*
OC -NOC 1.00

Hamstring

Group 1429.33 2 714.66 15.42 .00* .999 M-0OC .00*

M-NOC .00*
OC-NOC 1.00

Note . M = males, OC = oral contraceptive, and NOC = no oral contraceptive. *The family-
wise .05 alpha level in the post-hoc analysis was maintained via the SPSS statistical

program.



APPENDIX F-4. ANOVA Summary for Vertical Leg Stiffness
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Effect SS dF MS F P Power
Group (G) 14274.974 2 7137.487 2.161 122 430
Session (S) 1763.943 2 881.971 .267 .766 .091
GxS 1131.117 4 282.779 .086 .987 .067




APPENDIX F-5. MANOVA Summary for Rectus Femoris and Biceps Femoris EMG Area
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Effect dF F P Power
Group (G) 2 835 503 266
Session (S) 2 1.984 102 .584
Time (T) 1 42.392 .000* 1.000
GxS 4 524 .839 242
GxT 3 .260 .903 .903
SxT 3 .984 416 416
GxSxT 5 .164 .995 995
Note: *significant at <.05.
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APPENDIX F-6. Post Hoc Time ANOVA Summary for Rectus Femoris and Biceps Femoris EMG Area

Effect SS dF MS F P Power

Rectus Femoris
Time 29640.647 1 29640.647 73.711 .000* 1.000

Biceps Femoris
Time 4447.039 1 4447.039 32.589 .000* 1.000

Note: *significant at p <.05.
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Appendix G

Raw Data
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APPENDIX G-1. Raw Data for Demographic Information

Dominant Height Mass BMI Exercise
Participant Group Leg (cm) (kg) (kg/m 2) Per Week
1 M Right 177 80.87 25.81 7
2 M Right 172 64.93 21.95 4
3 M Right 177 65.43 20.89 5
4 M Right 186 93.01 26.90 5
5 M Right 193 77.50 20.81 6
6 M Right 183 73.47 21.94 5
7 M Right 192 80.23 21.76 3
8 M Right 172 70.33 23.77 6
9 M Right 194 95.43 25.37 3
10 M Right 178 62.87 19.81 3
11 oC Right 165 56.43 20.73 5

12% ocC Right 4




APPENDIX G-1. (continued)

Dominant Height Mass BMI

Participant Group Leg (cm) (kg) (kg/m Per Week
13 oC Left 173 60.60 20.25
14 oC Right 177 67.60 21.58
15 oC Right 163 67.23 25.31
16 oC Right 167 69.50 24.92
17 oC Right 174 85.07 28.10
18 oC Right 155 49.20 20.48
19 oC Right 178 76.83 24.25
20 oC Right 172 109.60 37.05
21 NOC Right 174 61.67 20.36
22 NOC Right 184 76.83 22.69
23 NOC Right 174 90.20 29.79
24 NOC Right 172 55.03 18.60
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APPENDIX G-1. (continued)

Dominant Height Mass BMI Exercise
Participant Group Leg (cm) (kg) (kg/m 2) Per Week
25 NOC Right 168 59.53 21.09 3
26 NOC Right 172 66.90 22.61 2
27 NOC Right 167 62.17 22.29 4
28 NOC Right 178 78.13 24.66 5
29 NOC Right 169 65.40 22.89 5
30 NOC Right 170 71.97 24.90 4

Note. M = Male, OC = Female Oral Contraceptive, NOC = Female Non-Oral Contraceptive. *
denotes that participant 12 did not complete the second and third testing sessions due to
a lower extremity injury.
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APPENDIX G-2. Female Participant Menstrual Cycle Raw Data

Day of Days Between Days Between Average
Participant Group Session 1 land 2 2and 3 Cycle Length
11 oC 2 14 8 26
12 oC 3 * * 28
13 oC 1 11 9 28
14 oC 3 11 7 25
15 oC 2 12 9 24
16 oC 1 11 9 30
17 oC 2 11 9 29
18 oC 1 13 8 28
19 oC 3 10 9 28.5
20 oC 1 13 8 30.5
21 NOC 3 40t 9 30.5

22 NOC 2 367 8 28.5
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APPENDIX G-2. (continued)

Day of Days Between Days Between Average
Participant Group Session 1 land 2 2and 3 Cycle Length
23 NOC 2 13 65t 28
24 NOC 2 13 7 325
25 NOC 2 11 7 35.5
26 NOC 2 15 11 29.5
27 NOC 2 15 6 28
28 NOC 2 12 7 26
29 NOC 2 18 7 27
30 NOC 3 14 7 28

Note. OC = Oral Contraceptive. NOC = No Oral Contraceptives. * denotes that
Participant 12 did not complete the second and third testing sessions due to lower
extremity injury. 1 denotes that data was collected during non-consecutive menstrual
cycles.



APPENDIX G-3. Tibial Translation (mm) Raw Data
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Participant Group Session 1 Session 2 Session 3
1 M 5.67 7.67 7.33
2 M 10.00 7.00 8.33
3 M 7.67 7.33 8.00
4 M 6.67 6.00 5.67
5 M 7.00 6.67 6.33
6 M 12.67 7.33 9.67
7 M 8.33 6.33 7.33
8 M 7.33 7.67 8.00
9 M 4.33 5.00 2.33
10 M 3.33 3.33 6.00
11 oC 8.00 8.00 7.00

12 oC 7.33
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APPENDIX G-3. (continued)

Participant Group Session 1 Session 2 Session 3
13 oC 6.67 6.67 7.00
14 OoC 6.00 6.33 6.33
15 OoC 8.00 9.33 7.67
16 oC 9.00 8.33 9.00
17 oC 6.67 5.67 5.33
18 OoC 3.33 6.67 7.33
19 OoC 4.00 5.00 6.00
20 oC 8.00 6.67 6.33
21 NOC 7.67 6.00 6.33
22 NOC 5.33 5.33 8.67
23 NOC 7.67 6.00 10.00

24 NOC 7.00 5.67 6.67
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APPENDIX G-3. (continued)

Participant Group Session 1 Session 2 Session 3
25 NOC 11.33 12.00 11.33
26 NOC 7.00 8.33 5.00
27 NOC 4.00 3.67 4.00
28 NOC 12.33 13.00 6.33
29 NOC 6.33 9.00 9.67
30 NOC 6.00 7.00 6.00

Note. M = Male, OC = Female Oral Contraceptive, NOC = Female Non-Oral Contraceptive. *
denotes that participant 12 did not complete the second and third testing sessions due to
a lower extremity injury.
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APPENDIX G-4. Isometric Strength Raw Data

Handgrip Extensors Flexors
Participant Group Session (Ibs) (kg) (kg)
1 M 1 85.00 40.00 33.00
2 92.00 30.00 27.33
3 81.67 32.00 33.67
2 M 1 67.33 33.00 34.00
2 67.33 33.67 28.33
3 72.67 29.00 33.33
3 M 1 90.67 32.00 32.00
2 83.67 34.33 33.33
3 80.67 33.00 40.33
4 M 1 103.33 35.67 42.33
2 103.00 41.33 37.00
3 96.33 44.33 42.33
5 M 1 104.00 29.33 29.67
2 115.67 31.67 28.33
3 108.00 45.00 38.00
6 M 1 104.67 23.83 29.50
2 110.00 33.00 34.67

3 116.67 32.00 29.67




APPENDIX G-4. (continued).
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Handgrip Extensors Flexors
Participant Group Session (Ibs) (kg) (kg)
7 M 1 93.33 32.33 27.00
2 87.67 28.33 25.33
3 91.33 39.67 28.67
8 M 1 86.67 27.367 29.33
2 95.00 36.33 35.33
3 91.33 31.00 35.33
9 M 1 99.33 41.33 38.00
2 111.33 39.33 45.67
3 100.00 39.67 35.00
10 M 1 104.67 27.00 42.33
2 98.00 32.67 29.00
3 95.33 42.33 39.67
11 FOC 1 60.33 28.00 23.33
2 62.00 28.67 20.67
3 57.33 27.67 18.67
12+ FOC 1 62.00 27.33 19.00
2




APPENDIX G-4. (continued).
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Handgrip Extensors Flexors
Participant Group Session (Ibs) (kg) (kg)
13 FOC 1 60.33 31.67 21.67
2 65.67 29.33 21.33
3 65.00 30.33 30.33
14 FOC 1 83.00 18.00 20.67
2 77.00 19.65 22.00
3 74.67 23.33 27.67
15 FOC 1 52.00 23.67 12.67
2 54.67 28.00 21.67
3 53.33 23.33 18.67
16 FOC 1 66.00 32.33 29.67
2 47.00 28.33 33.00
3 69.67 32.33 32.00
17 FOC 1 60.33 24.67 25.33
2 55.00 23.33 30.67
3 50.00 32.67 38.67
18 FOC 1 62.00 13.33 8.67
2 59.00 20.33 17.67
3 59.33 17.33 18.67




APPENDIX G-4. (continued).
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Handgrip Extensors Flexors
Participant Group Session (Ibs) (kg) (k)
19 FOC 1 67.33 35.00 28.67
2 66.67 34.33 39.00
3 62.00 36.00 41.33
20 FOC 1 38.67 32.33 27.67
2 47.00 34.67 28.33
3 45.00 35.33 29.00
21 FNOC 1 78.36 29.67 29.33
2 78.33 29.00 34.00
3 82.00 28.00 35.00
22 FNOC 1 75.67 18.00 17.33
2 77.00 28.67 31.00
3 78.33 36.00 37.67
23 FNOC 1 77.67 26.67 32.67
2 77.33 30.00 42.33
3 72.67 30.00 32.67
24 FNOC 1 59.33 26.67 17.00
2 59.00 25.33 30.67
3 60.00 22.00 26.33




APPENDIX G-4. (continued).
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Handgrip Extensors Flexors
Participant Group Session (Ibs) (kg) (k)
25 FNOC 1 66.33 28.00 26.67
2 67.00 24.00 27.67
3 71.33 30.00 31.67
26 FNOC 1 58.67 25.33 21.33
2 46.33 22.00 20.37
3 45.33 23.67 19.67
27 FNOC 1 65.00 26.67 17.33
2 67.67 30.33 21.33
3 66.33 25.00 28.33
28 FNOC 1 75.33 37.33 18.67
2 70.67 34.67 13.33
3 63.00 29.67 14.67
29 FNOC 1 64.00 27.33 18.67
2 42.67 26.00 16.00
3 49.67 28.00 20.67
30 FNOC 1 66.67 24.67 27.00
2 69.67 28.67 27.67
3 66.67 27.00 25.00




APPENDIX G-5. Lower Extremity Stiffness (kN/m) Raw Data

116

Participant Group Session 1 Session 2 Session 3
1 M 60.07 61.83 44.50
2 M 46.06 65.90 58.75
3 M 22.59 44.22 60.05
4 M 140.36 245.32 184.20
5 M 43.95 81.32 73.14
6 M 53.27 36.72 45.17
7 M 33.34 37.58 47.97
8 M 135.71 170.70 151.84
9 M 175.18 97.93 266.85
10 M 80.76 38.15 41.49
11 oC 64.05 172.53 252.28

12 oC 50.72 *




APPENDIX G-5. (continued)
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Participant Group Session 1 Session 2 Session 3
13 oC 32.85 23.29 36.00
14 oC 64.33 54.25 51.83
15 OoC 40.74 32.55 30.63
16 oC 50.91 25.77 62.54
17 oC 61.12 48.91 76.05
18 oC 31.30 22.44 21.00
19 oC 76.92 73.70 108.27
20 oC 223.42 161.98 192.24
21 NOC 51.88 13.14 36.00
22 NOC 25.51 31.68 36.92
23 NOC 37.44 83.32 61.05
24 NOC 21.02 21.73 19.63




APPENDIX G-5. (continued)
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Participant Group Session 1 Session 2 Session 3

25 NOC 33.22 48.79 31.94
26 NOC 45.58 45.68 60.11
27 NOC 71.80 33.99 19.89
28 NOC 103.97 52.39 86.56
29 NOC 106.23 83.78 t

30 NOC 108.08 98.11 57.77

Note. M = Male, OC = Female Oral Contraceptive, NOC = Female Non-Oral Contraceptive. *
denotes that participant 12 did not complete the second and third testing sessions due to

a lower extremity injury. 1 denotes data was not obtained due to computer error.
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APPENDIX G-6. Raw Data for Rectus Femoris Area EMG

Participant Group Session Pre Post Pre Post
Land 1 Land 1 Land 2 Land 2
1 M 1 13.57 28.20 15.70 13.50
2 10.47 15.37 12.83 8.69
3 18.40 31.90 23.07 28.07
2 M 1 27.13 99.77 28.47 54.63
2 21.63 64.97 11.37 29.03
3 15.80 45.33 12.07 26.47
3 M 1 26.40 30.93 12.20 25.13
2 18.80 36.37 11.39 19.03
3 14.87 24.13 11.28 17.48
4 M 1 17.97 59.50 18.27 25.40
2 38.10 108.87 31.20 62.70
3 24.83 69.53 12.70 30.90
5 M 1 32.93 70.23 30.23 23.30
2 32.20 67.50 27.17 19.73
3 17.93 37.73 19.93 11.72
6 M 1 7.04 29.67 6.32 17.20
2 8.63 33.43 8.45 17.67

3 13.00 47.97 8.67 16.83
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APPENDIX G-6. (continued)

Participant Group Session Pre Post Pre Post
Land 1 Land 1 Land 2 Land 2
7 M 1 13.33 39.13 13.13 11.21
2 33.93 108.17 60.33 51.80
3 21.53 64.10 24.17 30.30
8 M 1 9.09 28.97 7.90 11.90
2 1539.67 8187.33 309.00 871.33
3 15.93 42.07 10.04 12.10
9 M 1 17.43 47.80 20.07 27.57
2 19.57 71.70 17.43 23.57
3 8.78 36.40 11.57 18.97
10 M 1 59.93 29.30 23.07 25.17
2 16.07 39.93 31.00 31.37
3 12.23 33.40 19.90 20.97
11 FOC 1 12.43 28.63 12.70 21.93
2 14.98 37.80 10.68 31.70
3 36.93 70.87 23.40 37.40
12* FOC 1 16.87 36.13 11.37 16.90
2




APPENDIX G-6. (continued)
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Participant Group Session Pre Post Pre Post
Land 1 Land 1 Land 2 Land 2
13 FOC 1 22.20 44.40 30.80 29.03
2 46.17 95.93 61.50 65.83
3 20.83 44.40 21.97 27.47
14 FOC 1 34.00 70.90 33.40 63.13
2 3.85 8.05 3.81 6.07
3 1.27 0.52 0.01 0.01
15 FOC 1 34.20 51.90 27.07 35.20
2 37.13 66.87 43.07 48.13
3 21.80 43.37 19.13 22.63
16 FOC 1 5.56 17.20 19.87 19.17
2 13.07 28.70 13.47 18.30
3 14.23 33.67 12.33 14.90
17 FOC 1 13.13 34.87 10.36 20.27
2 12.05 34.93 11.67 28.80
3 11.24 33.50 11.20 25.90
18 FOC 1 52.50 54.77 47.45 55.77
2 32.57 68.13 21.83 29.07
3 12.97 25.30 10.93 18.53




APPENDIX G-6. (continued)
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Participant Group Session Pre Post Pre Post
Land 1 Land 1 Land 2 Land 2
19 FOC 1 16.03 38.03 8.68 14.85
2 22.47 73.17 20.87 37.00
3 11.47 34.17 9.84 15.07
20 FOC 1 12.32 28.57 16.10 17.73
2 9.28 19.30 13.30 13.47
3 18.86 40.60 23.30 21.10
21 FNOC 1 19.57 57.20 21.77 25.40
2 14.93 163.32 17.90 22.18
3 17.32 46.93 12.30 15.90
22 FNOC 1 20.37 45.23 34.30 37.47
2 17.10 45.80 24.43 37.60
3 14.77 36.60 46.90 51.40
23 FNOC 1 9.98 27.97 10.93 15.53
2 32.83 63.07 37.93 40.23
3 31.75 76.15 36.12 36.42
24 FNOC 1 19.83 51.73 15.60 23.40
2 11.63 29.90 10.13 19.45
3 20.10 52.10 22.23 31.47




APPENDIX G-6. (continued)
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Participant Group Session Pre Post Pre Post
Land 1 Land 1 Land 2 Land 2

25 FNOC 1 34.50 36.87 32.57 35.63

2 12.53 36.03 16.03 16.03

3 13.00 33.33 14.90 14.93
26 FNOC 1 8.61 19.40 8.81 16.23

2 9.62 23.57 12.67 23.80

3 14.57 40.90 15.40 30.17
27 FNOC 1 14.33 38.40 9.94 21.87

2 10.67 40.37 7.54 13.10

3 13.90 36.23 8.56 17.90
28 FNOC 1 26.40 42.33 15.70 11.37

2 37.43 69.93 24.70 24.47

3 56.40 110.37 98.37 205.33
29 FNOC 1 10.26 21.30 11.59 18.00

2 11.33 22.43 17.70 20.63

3 10.33 20.20 9.45 14.40
30 FNOC 1 8.52 20.07 12.50 16.10

2 7.88 19.50 8.92 16.10

3 8.64 17.27 7.90 13.33




APPENDIX G-7. Raw Data for Biceps Femoris Area EMG
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Participant Group Session Post Pre Post
Land 1 Land 1 Land 2 Land 2
1 M 1 5.02 7.47 17.07 12.66
2 5.91 6.85 12.63 9.37
3 13.77 13.367 30.40 22.07
2 M 1 6.27 16.37 4.88 8.03
2 7.33 17.63 6.62 7.64
3 6.46 13.77 4.07 7.68
3 M 1 5.79 15.90 14.00 11.20
2 3.91 11.73 10.84 7.06
3 5.31 13.07 12.59 10.55
4 M 1 23.00 45.57 19.67 42.63
2 15.47 38.97 8.60 14.70
3 16.67 25.17 10.16 27.41
5 M 1 14.10 50.63 44.63 30.60
2 3.78 14.27 14.70 14.88
3 3.08 13.87 12.25 6.79
6 M 1 7.08 13.30 8.12 8.05
2 8.50 18.00 15.63 10.84
3 8.25 17.00 13.60 12.07




APPENDIX G-7. (continued)
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Participant Group Session Pre Post Pre Post
Land 1 Land 1 Land 2 Land 2
7 M 1 9.01 24.03 8.71 8.30
2 12.53 28.37 6.88 9.05
3 5.19 15.07 4.17 5.77
8 M 1 18.47 47.70 42.30 25.40
2 15.97 34.57 34.93 18.13
3 19.10 37.10 45.87 36.63
9 M 1 16.87 23.30 15.33 20.57
2 14.40 20.57 14.40 20.57
3 10.80 22.57 9.48 14.37
10 M 1 5.01 4.88 2.42 3.19
2 6.25 5.88 16.58 11.66
3 11.77 6.73 11.53 11.42
11 FOC 1 7.24 12.14 13.43 7.90
2 3.05 13.20 8.32 3.17
3 8.44 15.83 6.62 9.02
12* FOC 1 8.81 19.00 23.17 8.31
2




APPENDIX G-7. (continued)
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Participant Group Session Pre Post Pre Post
Land 1 Land 1 Land 2 Land 2

13 FOC 1 10.60 16.07 9.26 9.85

2 8.88 16.03 7.29 7.79

3 5.43 8.08 5.12 4.43
14 FOC 1 12.17 17.77 7.65 15.13

2 6.98 9.84 4.83 10.32

3 10.13 15.73 8.34 12.93
15 FOC 1 12.30 17.97 10.17 10.77

2 10.92 18.73 9.17 10.17

3 10.76 31.93 10.83 19.77
16 FOC 1 4.80 14.00 7.66 6.24

2 4.56 11.36 6.10 4.83

3 6.56 21.27 7.88 4.43
17 FOC 1 5.84 13.67 5.70 6.30

2 5.22 16.97 5.39 6.91

3 5.50 18.25 7.25 7.55
18 FOC 1 4.44 18.23 8.52 9.72

2 3.29 15.33 1.68 2.52

3 3.69 11.17 3.14 9.14




APPENDIX G-7. (continued)
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Participant Group Session Pre Post Pre Post
Land 1 Land 1 Land 2 Land 2
19 FOC 1 8.17 20.30 17.20 17.13
2 7.86 15.47 16.77 21.93
3 6.82 15.60 7.46 7.38
20 FOC 1 11.39 28.03 14.73 24.27
2 11.25 25.20 17.00 29.17
3 20.27 22.63 20.00 20.23
21 FNOC 1 8.65 28.07 8.07 11.28
2 8.40 21.17 7.31 8.14
3 4.32 13.80 4.45 6.26
22 FNOC 1 3.98 9.12 6.15 5.23
2 4.00 13.67 5.76 5.60
3 4.18 11.49 4.26 4.98
23 FNOC 1 15.03 33.23 73.43 37.70
2 6.15 8.43 8.10 6.44
3 54.60 126.30 66.74 71.57
24 FNOC 1 22.33 22.83 27.43 15.67
2 15.97 19.87 27.85 16.70
3 15.37 22.30 22.03 20.90




APPENDIX G-7. (continued)
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Participant Group Session Pre Post Pre Post
Land 1 Land 1 Land 2 Land 2
25 FNOC 1 5.84 15.80 12.00 10.45
2 4.45 12.77 9.45 6.69
3 5.96 14.90 13.13 11.28
26 FNOC 1 3.09 12.63 4.58 7.33
2 7.84 21.43 12.68 12.17
3 7.70 14.37 6.87 5.42
27 FNOC 1 5.65 12.88 3.64 6.84
2 7.56 18.77 4.55 9.25
3 5.50 9.18 2.50 4.50
28 FNOC 1 14.90 27.50 11.80 8.63
2 11.67 28.23 25.23 15.47
3 12.37 28.50 17.36 9.37
29 FNOC 1 .05 .05 .05 .06
2 10.14 11.67 20.27 10.58
3 8.58 15.20 14.11 8.35
30 FNOC 1 10.31 23.57 8.01 10.45
2 4.34 11.72 5.74 6.20
3 5.80 11.13 6.29 6.42




