
Introduction

Female athletes tear their anterior cruciate ligaments
(ACL) at rates between two and eight times more often
than their male counterparts [1, 2]. Numerous factors
have been hypothesized to influence this increased injury

risk including gender differences related to anatomical
structure, neuromuscular function, joint laxity, and
hormonal fluctuations [12]. While several studies have
examined these factors in isolation, few have examined
the interrelationships between these hypothesized risk
factors.
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Abstract Female athletes incur
anterior cruciate ligament ruptures
at a rate at least twice that of male
athletes. Hypothesized factors for
the increased injury risk in females
include biomechanical, neuromus-
cular, and hormonal differences be-
tween genders. A wealth of literature
exists examining these potential
predispositions individually, but the
interactions between these factors
have not been examined extensively.
Our purpose was to investigate
changes in neuromuscular control
and laxity at the knee across the
menstrual cycle of healthy females.
Fourteen female collegiate athletes
with normal, documented ovulatory
menstrual cycles, confirmed ovula-
tion, and no history of serious knee
injury participated. The presence
and timing of ovulation was deter-
mined during a screening cycle with
ovulation detection kits and during
an experimental cycle with collection
of daily urine samples and sub-
sequent analysis of urinary estrone-
3-glucuronide (E3G) and pregnane-
diol-3-glucoronide (PdG), which
correlate with circulating estrogen
and progesterone. Each subject had

measures of knee neuromuscular
performance and laxity once during
the mid-follicular, ovulatory, and
mid-luteal stages of her menstrual
cycle. The test battery included
assessments of knee flexion and
extension peak torque, passive knee
joint position sense, and postural
control in single leg stance. Knee
joint laxity was measured with an
arthrometer. Analyses of variance
revealed that E3G and PdG levels
were significantly different across the
three testing sessions, but there were
no significant differences in the
measures of strength, joint position
sense, postural control, or laxity. No
significant correlations were found
between changes in E3G or PdG
levels and changes in the perfor-
mance and laxity measures between
sessions. These results suggest that
neuromuscular control and knee
joint laxity do not change substan-
tially across the menstrual cycle of
females despite varying estrogen and
progesterone levels.
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The role of increased circulating estrogen and pro-
gesterone on ACL injury risk has been studied in a
variety of paradigms. Some researchers have reported
that females are at greater risk of tearing their ACL
during the ovulatory phase of their menstrual cycle when
there is a surge is circulating estrogen [27, 28], while
others have reported that there is greater risk in the week
preceding the onset of menstruation (luteal phase) when
there is a sustained increase in progesterone relative to
the early follicular phase [19, 21]. A limitation of these
studies, however, is that menstrual cycle phase has been
determined by patient self-report and without hormone
confirmation. Ovulation is preceded by a large surge in
estrogen, while there is also a somewhat elevated level of
estrogen in the follicular phase although not to the ex-
tent of that seen just prior to ovulation. Estrogen has
been shown to have deleterious effects on the collagen
structure of the ACL in vitro [17, 26, 29, 30]. Similarly,
some evidence suggests that increases in estrogen in vivo
are associated with increased knee laxity as assessed with
an instrumented arthrometer [5, 11]. However, there is
no concrete evidence associating increased knee laxity
with increased injury risk.

Gender differences related to neuromuscular differ-
ences at the knee have also been suggested as a potential
cause of ACL injury risk in female athletes. Females have
been postulated to utilize a dynamic protective strategy
to perturbation at the knee which is more quadriceps
dominant than that of males [13]. The reliance of males
on a more hamstring dominant strategy may be more
protective of the ACL because the hamstrings and ACL
have agonist functions in preventing anterior displace-
ment of the tibia on the femur. Additionally, females
have been shown to have impaired proprioception
assessing knee motion into extension than males [24].
This delayed recognition of joint position coupled with a
quadriceps dominant dynamic defense mechanism to
knee perturbation may place females at greater ACL
injury risk. There is also mounting evidence that estrogen
influences electrical activity of neurons both centrally
and peripherally [16, 23, 24].

To date, there have only been a few studies that have
examined fluctuations in multiple measures of lower
extremity neuromuscular performance across the men-
strual cycle of healthy, physically active females [7–10].
Friden et al. [7] found no significant changes in peak
torque and muscular endurance of the knee extensors
and performance on a single leg-hopping task across
three phases of the menstrual cycle. In a follow-up study,
they found that knee joint kinesthesia was significantly
impaired in the premenstrual phase and hopping per-
formance was improved in the ovulation phase [10].
Friden et al. [8, 9] have also demonstrated postural
control impairments in females with premenstrual
symptoms in the mid-luteal phase. These findings sup-
port the hypothesis that lower extremity neuromuscular

performance may be influenced by circulating sex hor-
mones. Our purpose was to assess measures of ham-
string and quadriceps strength, knee joint position sense,
postural control, and knee joint laxity at three points
across the menstrual cycle of healthy female athletes.

Materials and methods

Subjects

Fourteen healthy female collegiate athletes (age=
19.3±1.3 years, height=163.6±8.5 cm, mass=59.4±
6.8 kg) who were experiencing normal menstrual cycles
(28–35 day cycles) with confirmed ovulation and who
were not taking oral contraceptive pills completed all
aspects of the study. Subjects participated in either
competitive soccer or stunt cheerleading and were free of
previous knee injuries and had no history of menstrual
disorders. Before participating in the study, all subjects
read and signed an informed consent form approved by
the Pennsylvania State University Institutional Review
Board.

Estimation of circulating hormones

During month 1 of the study, potential subjects moni-
tored the length of their menstrual cycle and confirmed
that they ovulated using commercially available ovula-
tion detection kits (First Response�, Church and
Dwight Inc., Princeton, NJ, USA). While we initially
enrolled 20 females in the study, 6 potential subjects who
did not ovulate during month 1 or had a menstrual cycle
that did not last between 28 and 35 days were excluded
from participation in the rest of the study.

During month 2, subjects collected daily morning
urine samples throughout the length of their cycles.
Subsequent analysis of urinary estrone-3-glucuronide
(E3G) and pregnanediol-3-glucoronide (PdG), which
correlate with circulating estrogen and progesterone,
were used to verify that subjects had normal cycles that
included ovulation using methods previously reported
by McConnell et al. [18]. These methods have been
previously validated [20]. A pair of endocrinologists who
reviewed the hormone measurements assessed the pres-
ence or absence of ovulation for each subject.

Testing schedule

Subjects underwent the neuromuscular performance and
laxity testing battery on three occasions: mid-follicular
phase (4–7 days before predicted ovulation), ovulatory
(±2 days of predicted ovulation), and mid-luteal
(7–10 days after predicted ovulation). The day of

818



predicted ovulationwas basedon the dayof ovulation and
the length of the cycle in month 1. On the first day of
testing, subjects were familiarized with all testing proce-
dures prior to data collection.

Strength testing

Quadriceps and hamstring strength were quantified
using an isokinetic dynamometer (Biodex Corp., Shirley,
NY, USA) to test concentric force production in knee
extension and flexion. Subjects performed 10 repetitions
of maximum flexion and extension at a speed of 120�/s.
Dependent variables included hamstring and quadriceps
peak torque and the ratio of hamstring to quadriceps
peak torque. All peak torque values were normalized to
subjects body mass.

Joint position sense

Passive joint position sense was assessed using an
isokinetic dynamometer (Biodex Corp., Shirley, NY,
USA). Subjects performed two trials of passive joint
position sense testing on each limb with the target
positions being 15� and 30� of knee flexion. Subjects sat
in dynamometer chair with the test limb beginning at 90�
of knee flexion. The limb was passively moved by the
dynamometer at 2�/s until it reached the target position.
The limb was then held at the target position for 5 s and
then passively returned to the start position. The limb
was again moved passively toward the target position
and the subject was instructed to hit a switch when she
felt the limb had reached the target angle. Absolute
degrees of error from the target angle served as the
dependent variable.

Postural control

Postural control was assessed with an AMTI Accusway
(AMTI Inc, Watertown, MA, USA) force platform.
Subjects completed three 10-second trials while standing
on the right and left legs in unilateral stance. Subjects
stood with their eyes open and their arms folded across
their chest and were instructed to stand as still as pos-
sible for the duration of the trial. Data were collected at
a rate of 50 Hz. Velocity of center of pressure (COP)
excursions served as the dependent variable for postural
control.

Knee laxity

Knee joint laxity was assessed by quantifying anterior
tibial translation using a KT-1000 knee arthrometer

(Medmetric Corp., San Diego, CA USA). During each
testing session, three trials of laxity measures for each
limb were taken with 133 N of force applied to the
arthrometer. The mean of the three trials was calculated
and served as the dependent variable for knee joint
laxity.

Statistical analysis

Data from the neuromuscular performance and laxity
measures from the right and left limbs were averaged
together and used for analyses. For each dependent
variable, a repeated measure ANOVA was run to
determine the differences within the testing sessions.

Additionally for each dependent variable, change
scores between the mid-luteal and ovulatory measures,
and mid-luteal and mid-follicular measures, were cal-
culated. Pearson product moment correlations were then
calculated between changes in the neuromuscular per-
formance and laxity measures and E3G and PdG levels,
respectively. The level of significance was set a priori at
p<0.05 for all analyses.

Results

Repeated measures ANOVA revealed that E3G and
PdG levels were significantly different across the three
testing sessions (p<0.05). The highest E3G levels were
found on the ovulatory test day and peak PdG levels
were found in the mid-luteal phase. There were not,
however, any significant differences identified in knee
extension or flexion peak torque, hamstring:quadriceps
ratio, passive knee joint position sense at 15� or 30�,
postural control, or knee joint laxity across the three
testing sessions. All but one (joint position sense at 15�)
of the neuromuscular control and laxity measures had
post hoc power (1-ß) values greater than or equal to 0.75
indicating that our non-significant findings are unlikely
due to an inadequate sample size. Means, standard
deviations, p-values, and power calculations for all
dependent variables are shown in Table 1.

There were no significant bivariate correlations be-
tween changes in the E3G or PdG levels and changes in
any of the neuromuscular performance and laxity mea-
sures (Tables 2, 3).

Discussion

Our aim was to simultaneously examine potential
alterations in several potential risk factors of ACL
injuries across the menstrual cycle of female athletes
while also measuring sex hormone levels. Our findings
appear to demonstrate that there are no substantial
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fluctuations in hamstring and quadriceps muscle
strength, knee joint position sense, postural control, and
knee joint laxity across the course of a normal menstrual
cycle in female athletes.

Previous authors report conflicting results regarding
changes in knee laxity across the menstrual cycle. Kar-
ageanes et al. [15] found no increase in knee laxity across
the menstrual cycle of high school athletes. Our results
also revealed no significant changes in laxity across the
menstrual cycle. Conversely, Heitz et al. [11] found an
increase in knee laxity in the ovulatory and luteal phases

compared to the follicular phase, but there was no direct
correlation between increased laxity and increased serum
estrogen levels. Likewise, Deie et al. [5] found increases
in anterior knee laxity in the luteal and ovulatory phases
compared to the follicular phase in females. No differ-
ences were seen across testing sessions in males. There
may not be direct correlations between estrogen levels
and joint laxity measures because changes in the visco-
elastic properties of the ACL in response to increased
circulating estrogen may not be immediate. Further re-
search in this area is warranted.

Table 1 Means, standard deviations, p-values and power (1-ß) of dependent variables across the three testing sessions

Mid-follicular Ovulatory Mid-luteal P Power

E3G (ng/ml) 14.2±7.0 20.6±10.1 17.2±4.9 0.05 –
PdG (ng/ml) 2.7±1.4 5.3±4.3 10.3±8.3 0.006 –
Peak extension torque (N m/kg) 1.96±0.8 1.72±0.3 1.77±0.3 0.36 0.78
Peak flexion torque (N m/kg) 1.18±0.48 1.05±0.17 1.03±0.18 0.38 0.79
Hamstring:Quadricep ratio 0.61±0.10 0.61±0.05 0.59±0.05 0.54 0.86
JPS error at 15� (�) 4.57±2.8 4.32±3.16 2.34±1.6 0.12 0.51
JPS error at 30� (�) 4.91±4.0 4.77±4.1 4.02±3.1 0.75 0.75
COP velocity (cm/s) 3.09±0.48 3.20±0.46 3.29±0.46 0.38 0.84
Anterior knee laxity (mm) 4.51±1.7 4.70±1.5 4.17±1.6 0.37 0.87

E3G estrone-3-glucuronide, PdG pregnanediol-3-glucoronide (PdG), JPS joint position sense, COP center of pressure

Table 2 Pearson product moment correlations between change scores of estrone-3-glucuronide (E3G) and change scores of the perfor-
mance variables between the mid-follicular and ovulatory measures, and the mid-follicular and mid-luteal measures

Mid-follicular to
ovulatory change

Mid-follicular to
mid-luteal change

r p r p

Peak extension torque (N m/kg) )0.28 0.33 )0.40 0.18
Peak flexion torque (N m/kg) )0.24 0.41 )0.34 0.26
Hamstring:Quadricep ratio 0.02 0.94 0.02 0.94
Joint position sense error at 15� (�) )0.48 0.08 )0.01 0.99
Joint position sense error at 30� (�) 0.33 0.25 0.16 0.59
COP velocity (cm/s) 0.53 0.06 0.37 0.19
Anterior knee laxity (mm) )0.14 0.64 )0.33 0.26

COP center of pressure

Table 3 Pearson product moment correlations between change scores of pregnanediol-3-glucoronide (PdG) and change scores of the
performance variables between the mid-luteal and ovulatory measures, and the mid-luteal and mid-follicular measures

Mid-luteal to
ovulatory change

Mid-luteal to
mid-follicular change

r p r p

Peak extension torque (N m/kg) 0.13 0.75 0.34 0.45
Peak flexion torque (N m/kg) 0.23 0.58 0.36 0.43
Hamstring:Quadricep ratio 0.16 0.71 0.12 0.79
Joint position sense error at 15� (�) 0.24 0.56 0.24 0.57
Joint position sense error at 30� (�) )0.22 0.61 )0.13 0.76
COP velocity (cm/s) )0.38 0.51 )0.07 0.87
Anterior knee laxity (mm) 0.33 0.42 )0.22 0.61
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We did not identify substantial quadriceps and
hamstring strength deficits across the menstrual cycle.
These findings are consistent with previous studies that
did not find alterations in knee strength at different
points in the menstrual cycle [6, 7, 14]. Conversely,
Sarwar et al. [25] found that quadriceps and grip
strength were both weakened in the mid-follicular and
mid-luteal phases compared to the ovulatory phase;
while Davies et al. [3] found grip strength and standing
long jump performance to be superior during the men-
strual phase with respect to the follicular and luteal
phases.

We did not demonstrate changes in passive knee
joint position sense or postural control during single
leg stance across the menstrual cycle. These are com-
mon measures of proprioception and neuromuscular
control, respectively. If increased estrogen did have a
deleterious effect on sensorimotor function, we
thought that one or both of these measures would be
altered. Our findings are in contrast to the findings of
Friden et al. who have reported impairments in knee
joint kinesthesia during the premenstrual phase [10]
and postural control in the mid-luteal phase [8, 9].
Interestingly, these deficits were greater in women
complaining of premenstrual symptoms compared to
those not reporting such symptoms. The interactions
between sex hormones, proprioception and neuro-
muscular control, premenstrual symptoms, and ACL
injury risk require further study.

The findings of our study are strengthened by the lack
of significant correlations between changes in E3G and
PdG and changes in the performance and laxity mea-
sures between testing days. One would expect that if
estrogen or progesterone were either adversely or posi-
tively affecting neuromuscular performance or laxity,
there would be strong correlations in the change scores
of these measures.

w?>While 14 subjects completed our entire study, we
were forced to exclude 6 potential subjects because they
ovulated in month 1, but did not ovulate in month 2 of
our study. DeSouza et al. [4] studied the characteristics
of three consecutive menstrual cycles in groups of
moderately exercising and sedentary young adult fe-
males who were menstruating normally. They reported
that only 45% of menstrual cycles were ovulatory in the
exercising group, while the sedentary group had ovula-
tory cycles 90% of the time. Additionally, no sedentary
women (0%) had inconsistent menstrual cycle classifi-
cations from cycle to cycle, but 46% of the exercising
women were inconsistent. Estrogen and progesterone do
not fluctuate as greatly in anovulatory cycles as they do
in ovulatory cycles. It is possible that physically active
females who have inconsistent ovulation across repeti-

tive menstrual cycles may be at an increased risk of ACL
injuries because of inconsistent estrogen and progester-
one surges between cycles. In other words, the ACL of a
female who undergoes ovulatory cycles on a consistent
basis may respond in a predictable fashion to repetitive
increases in circulating estrogen and progesterone.
Conversely, the ACL of a female who undergoes ovu-
latory cycles on an inconsistent basis may respond in an
unpredictable fashion to an occasional increase in cir-
culating estrogen or progesterone. Exploration of this
hypothesis is warranted.

Our study was not without limitations. Our ‘‘ovula-
tory’’ testing session did not always correspond with the
day of ovulation of our subjects. Due to logistic con-
straints, our testing schedule was based on the day of the
cycle on which ovulation occurred in month 1. Varia-
tions were seen in the day of ovulation between the
consecutive cycles, however, we did measure hormone
levels where previous researchers have relied on patient
self-reports of menstrual cycle phase. Secondly, our
assessments of neuromuscular performance at the knee
did not involve neuromuscular responses to knee joint
perturbations during weight bearing such as is the typ-
ical mechanism of non-contact ACL rupture seen in
female athletes. It is possible that our testing battery was
not specific enough to assess the dynamic defense
mechanism that protects the ACL during sporting
activities. Lastly, we chose to have all subjects have their
first testing day be in the follicular phase rather than
randomizing the phase in which they were first tested. It
is possible that systematic learning effects may have
occurred due to our study design. It is our recommen-
dation that future research examine joint laxity and
neuromuscular function on a more regular basis, such as
every 3 days throughout the length of the cycle, or
perhaps daily across those days closest to expected
ovulation and onset of menstruation to gain a more
concrete representation of changes that may occur with
regard to fluctuations in circulating estrogen and pro-
gesterone.

In conclusion, we did not identify substantial changes
in hamstring or quadriceps strength, passive knee joint
position sense, postural control in single leg stance, or
knee joint laxity across the menstrual cycle of female
athletes. Further research is needed to further examine
the interrelationships between different potential risk
factors for ACL injuries in female athletes.
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