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Abstract
Knee valgus, a known Anterior Cruciate Ligament (ACL) injury risk factor, is subject to hormonal changes during the 

menstrual cycle. Therefore, the purpose of this study was to analyze 2D frontal plane knee kinematics during drop-jump landing 
across phases of the human menstrual cycle (days 1-3;11-13;21-23). Twenty-seven (18-25 years) females with normal menstrual 
cycles initially met inclusion criteria for study participation. Twenty two-females were used for data analysis. The protocol con-
sisted of drop-jumps from a 50cm platform while the participant’s frontal plane movement was recorded using a single digital 
video camera (60 Hz). The initial time period for data collection was counterbalanced across days of the menstrual cycle and 
randomized. The procedures were identical for all repeated testing. Two separate one-way repeated measures ANOVAs were 
used to analyze landing patterns. Alpha was set at .05. There was a significant difference for valgus knee angle among days 1-3, 
11-13, and 21-24 of the menstrual cycle, F (2, 42) = 3.92, p = .037. Post-hoc tests revealed a significant difference for valgus 
knee angle between days 1-3 and days 11-14, t(21) = 2.733, p = .012. No other significant differences were found. The largest 
magnitude of valgus knee angle occurred during the late follicular phase (days 11-14) of the menstrual cycle, when there was a 
large spike in estradiol.

Keywords: ACL Injury; Human Menstrual Cycle; Landing 
Pattern; Valgus Knee Angle 

Introduction
The number of female athletes participating in competitive 

athletics has increased dramatically since the origination of Title 
IX in 1972. In tandem, there has been in increase in the rate of 
injury in female athletes, particularly knee injuries. Female ath-
letes are anywhere from two to eight times more likely to sustain 
a debilitating Anterior Cruciate Ligament (ACL) injury than their 
male counterparts while engaging in similar activities [1-3]. This 
is a serious concern because the ACL is vital to the stability of 
the knee, as it prevents anterior tibial translation and secondarily 
assists in valgus control of the knee. Not only do female athletes 
present a much greater incidence of ACL injury, they are also more 
vulnerable to re-injury and have increased knee laxity after ACL 
reconstruction than their male counterparts [4]. Though the inci-
dence of knee injury in females is so much greater than that of 

males, no single causative factor has been identified for this dis-
crepancy. The increased injury rate of the ACL in females has been 
attributed to many variables including but not limited to: anatomi-
cal and biomechanical sex differences; neuromuscular imbalances 
in females that may affect motor patterns; increased valgus at the 
knee (an abnormal outward turning of the knee); as well as hor-
monal fluctuations during the menstrual cycle [5-8]. Females dem-
onstrate greater valgus knee motion during stop-jump and landing 
tasks than do male athletes [5,6]. This motion can translate to a 
greater number of ACL injuries, because excessive valgus motion 
is a mechanism for ACL rupture [6]. 

While there is most probably a combination of risk factors 
that contribute to this discrepancy in injury rate between sexes, 
fluctuations of the ovarian hormones throughout the menstrual 
cycle may influence both ligament strength [9,10] and ligament 
loading via alterations in neuromuscular control [11]. During the 
menstrual cycle, females are exposed to cyclic hormonal altera-
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tions in secretions of the steroid hormones, estrogen and proges-
terone. These ovarian steroid hormones may affect the formation, 
metabolism and functioning of collagenous tissues in both animal 
models and human structures [12-14]. Furthermore, receptors for 
these hormones have been identified in the human ACL [12] and 
tissues related to neuromuscular functioning [15]. If motor pat-
terns and neuromuscular functioning of the tissues around the ACL 
are affected by changes in the levels of the sex hormones, then it 
is possible that dynamic motion of the knee joint might be altered 
during hormonal fluctuations within the menstrual cycle. 

Hormonal fluctuations have been suggested to contribute to 
both laxity of the knee joint [16] and altered neuromuscular con-
trol of the joint [4,10,11,13,15,17]. Therefore, the purpose of our 
study was to test the hypothesis that there would be a difference in 
frontal plane knee motion and peak valgus knee angle on days of 
the menstrual cycle when estrogen is elevated (day 11-13), when 
progesterone is elevated (days 21-24) and when both steroids are 
low (days 1-3). Figure 1 graphically displays the cyclic nature of 
the ovarian sex hormones. Frontal plane knee motion in this study 
was defined as the minimum distance between the bilateral knee 
markers (knee collapse) throughout the stance phase of the land-
ing. Peak valgus knee angle was quantified as the minimum nega-
tive value observed during the landing between initial foot contact 
and take-off.

Figure 1: Changes in Hormonal Levels during a Normal Menstrual Cycle.

Methods
Subject Selection Criteria

We recruited female subjects from the local area through the 
use of advertising literature, posters and flyers. Subjects signed 
an informed consent as approved by the Institutional Review 
Board (IRB) prior to any data collection. A Women’s Health His-
tory Questionnaire [18] was used to initially screen subjects for 
eligibility. Potentially eligible subjects were scheduled for an ap-
pointment in the Applied Physiology Laboratory to determine their 
hematocrit levels and assess anatomical abnormalities of the lower 

extremities that would prevent their full participation in the study. 
Full participation in the study required that subjects: 

were between 18 and 25 years of age• 

menstrual cycle length fell between 26-32 days for at least 1 • 
year prior to participation in the study; 

cycles were classified as eumenorrheic, as defined by Loucks • 
and Horvath [19]
had not used medicinal contraceptives six months prior to par-• 
ticipation in the study;
did not list medical conditions that would have abnormally • 
affected hormonal fluctuations 
hematocrit level was at least 38% (per IRB regulations for • 
blood collection) 

they were non-smokers• 

were physically active (exercise at least 30 min a day, 3 times • 
a week)

did not have any current lower extremity injuries, or a history • 
of lower extremity surgeries

had never received training in proper jumping and landing • 
techniques 

anthropometric measurements including: leg length discrep-• 
ancy, femoral anteversion and retroversion, Q-angle, femoral 
length, and tibial length fell within an established range for 
each measurement. 

A total of 27 eumenorrheic females (age 20.5 ± 1.9; height 
164.9 ± 5.6 cm; weight 62.1 ± 13.7 kg; Wojty’s [20] activity scale 
5.4 ± 1.4) met the inclusion criteria for full study participation. 

Procedures
Subjects who met all of the study eligibility requirements 

were given a menstrual history log and were asked to record the 
days of their cycles using this log for three months. The first two 
months were used to determine the average length of each sub-
ject’s menstrual cycle and the last month was used to determine 
menstrual cycle phase. The participants reported to the Clinical 
Biomechanics Laboratory for data collection between days 1-3 
(early follicular phase), between days 11-13 (late follicular phase), 
and between days 21-24 (mid luteal phase).

Randomization of the Testing Cycle
The initial time period for data collection was counterbalanced 
across days of the menstrual cycle and randomized. Subjects had 
their blood drawn and participated in the drop-jump protocol at 
three times during their menstrual cycle following a cyclic order 
after their first visit (days 1-3,11-13, 21-23 or days 11-13, 21-
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23,1-3 or days 21-23,1-3, 11-13). The procedures were identical 
for all repeated testing.

Drop-Jump Protocol and Blood Collection
We collected participant’s blood from the cubital fossa using 

a 21-gauge needle upon arrival at the laboratory. Vacutainers were 
utilized to draw 5-10 cc’s of blood. All blood vials were labeled 
by subject number and day of the cycle, serum was collected and 
stored at -80ºC for later analysis.

The drop-jump protocol consisted of drop-jumps from a 
50cm platform. We placed 6 retroreflective markers bilaterally 
on the skin using double-sided medical tape. The markers were 
placed bilaterally on the: 

greater trochanter of the femur, • 

lateral femoral condyles, and • 

lateral malleoli (see Figure 2). • 

Figure 2: Retroreflective Markers on Participants.

We instructed participants verbally and by demonstration 
how to perform the drop-jump task. Once they verbally stated that 
they understood the protocol, they were allowed to practice the 
task until it was performed satisfactorily. The protocol consisted of 
the participant standing with their weight equally distributed over 
both feet on a 50 cm platform, with their hands at a comfortable 
position on their hips. When the participant was ready, she stepped 
off (without jumping) of the raised platform and landed bilater-
ally with the right foot on a force platform that was embedded 
in the floor (Plate Type 4060-10, Bertec Corporation, Columbus, 
OH) and the left foot on the adjacent ground. Immediately after 
landing, participants executed a maximum vertical jump with their 
hands remaining on their hips. Participants were asked to perform 
the drop-jump task until 3 successful trials had been recorded. The 
video data were sampled at 30 frames/second using a digital video 
camera (DCR-HC40; Sony Electronics, Inc., Oradell, New Jersey) 
and analyzed at 60 fields/second. 

Hormonal Assays
Serum levels of estradiol (E2 or 17β-estradiol, [100 l]), 

progesterone (100 l), and testosterone (50 l), were measured in 
duplicate by solid-phase radioimmunoassay (Diagnostic Products 
Corporation, Los Angeles, CA) from blood samples taken prior 
to the biomechanical data collection. Estradiol (E2) represents the 
major estrogen in humans and is the most potent naturally-occur-
ring estrogen. Testosterone levels were examined to screen for 
polycystic ovary syndrome which would skew the results. Estra-
diol levels are expressed in picograms/ml of blood, progesterone 
and testosterone levels in nanograms/ml of blood. 

Biomechanical Analysis
Video images of the participant’s drop-jumps were digitized 

(Peak Motus Systems, Englewood, CO) to determine the x, y co-
ordinates of the reflective markers in space. Initial contact and take 
off were visually determined and recorded during the stance phase 
of the landing by viewing the frontal plane video. Raw x, y co-
ordinates were smoothed (6 Hz; two-pass, fourth-order, no phase 
shift Butterworth digital filter in Motus), and the data files were 
exported to MATLAB for further analysis. 

Knee valgus/varus angle was calculated from the coordinate 
data as the relative angle of the tibia to the femur in the frontal 
plane of the right leg, as projected on the frontal plane using a 
custom program (MATLAB, Version 7). For the analysis a conven-
tion was used in which varus and valgus angles were reported as 
positive and negative values, respectively. Peak valgus knee angle 
was quantified as the minimum negative value observed during 
the landing between initial foot contact and take-off. Frontal plane 
knee motion was measured as a function of the minimum distance 
between the bilateral knee markers (knee collapse) throughout the 
stance phase of the landing. Data were reduced and copied into 
an Excel spreadsheet and prepared for analysis in SPSS (version 
13.0). 

Data Analysis  
At the completion of the study, we examined estradiol and 

progesterone values for the subjects who completed all phases of 
the protocol (N=26 [days 1-3, 11-13, and 21-24]). If the observed 
levels were not consistent with the specified day of the menstrual 
cycle, the participants were excluded from any further data analy-
sis. Therefore, a total of five subjects were dropped from the data 
analysis because of invalid or incomplete data resulting in a sam-
ple size of 22 subjects. Descriptive statistics were run for the 22 
subjects.

We used two (1x3) repeated measures ANOVA to observe 
the effects of menstrual cycle phase on knee motion (the minimum 
distance between the bilateral knee markers throughout the stance 
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phase of the landing) and peak valgus knee angle (SPSS for Win-
dows, Version 13.0). Alpha level was set at 0.05. We used paired 
t-tests to determine the presence of pair wise differences in knee 
valgus angle among the three menstrual cycle conditions. Alpha 
level was set at 0.05. 

Results
Descriptive statistics for the 22 subjects can be found in 

Table 1. Levels of estradiol (E2), progesterone, and testosterone 
during days 1-3, 11-13, and 21-24 can be found in Table 2. The 
measures of estradiol, progesterone and testosterone were each 
within the normal range of published values for these 

Variable  M ± SD Range
Age 20.18 ± 1.82      18-24

Height (cm) 165.97 ± 5.42 158.8-180.3
Weight (kg) 64.22 ± 14.79  49.9-120

Activity level scale  5.23 ± 1.27 04-Aug
Age Began Menses  13.27 ± 1.08    Nov-15

Number of days of cycle 5.23 ± 1.27   03-Aug
Number of days between 

cycles 28.27 ± 1.45 26-31

Leg Length (cm) 85.41 ± 3.27    82-94
Tibial Length (cm) 38.60 ± 1.94  34.5-43

Craig’s test (degrees) 10.19 ± 0.89 9.25-13.50
Quadriceps angle (degrees) 16.14 ± 1.13 15-20

Hematocrit (%)  41.59 ± 2.52 39-50

Table 1: Descriptive Characteristics of Subjects (N=22).

Early Follicular  Late Follicular Mid-Luteal

Estradiol (pg/
ml) 

61 ± 22.15 159 ± 27.95 132 ± 19.30
(16.07-95.6) (39.21-563.49)   (50.01-530.52)

Progesterone 
(ng/ml)  

0.65 ± 0.09 1.20 ± 0.41 11.10 ± 1.54
(0.16-1.93) (0.19-4.06) (1.07-24.51)

Testosterone 
(ng/ml) 

0.26 ± 0.02 0.34 ± 0.03 0.36 ± 0.04 
(0.15-0.58) (0.18-0.84) (0.17-0.91)

Note: Values are M ± SD with the range in parentheses

Table 2: Hormone Levels by Cycle Phase (N=22).

No significant differences were found for knee motion as 
defined in the study (knee distance) between days 1-3, days 11-13, 
and days 21-24 of the menstrual cycle, F (2,42) = 1.33, p = .286, f 
= .22, power = .254. We did find a significant difference for peak 
valgus knee angle as defined in the study among days 1-3, days 
11-13, and days 21-24 of the menstrual cycle, F (2,42) = 3.92, p = 
.037, f = .32, power = 0.64. The Mean (M) and Standard Deviation 
(SD) values for knee distance and valgus knee angle are listed in 
Table 3. 

Early Folli-
cular Late Follicular Mid-Luteal

Knee Distance 
(cm)

32.92 ± 4.55 32.32 ± 4.37 33.03 ± 4.61
(26.43-45.85) (24.77-45.60) (27.21-45.86)

Knee Angle 
(degrees)

−7.83 ± 5.74 −9.70 ± 7.26 −7.53 ± 6.44
(−.47- −25.92) (−3.22- −31.91) (1.23- −31.07)

Note: Values are M ± SD with the range in parentheses

Table 3: Knee Distance and Knee Angle by Cycle Phase (N=22).

A significant difference was found for peak valgus knee 
angle between the early follicular (days 1-3) and late follicular 
phases (days 11-13) of the menstrual cycle, t (21) = 2.733, p = 
.012. No other significant differences were found. The M and SD 
for knee distance and valgus knee angle are graphically displayed 
in Figures 3 and 4.

Figure 3: Mean Knee Distance.

Figure 4: Mean Valgus Knee Angle.

Discussion
The goal of our study was to identify changes in knee ki-

nematics as they relate to the cyclic changes in ovarian hormone 
levels. We think it is important to examine knee kinematics in 
females during cyclic hormonal alterations because of the higher 
incidences of ACL injury and complications following ACL recon-
struction in females compared to males. Females have increased 
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knee laxity after ACL reconstruction; increased reconstruction of 
ACL grafts; and less successful outcomes with ACL reconstruc-
tion than males [4,21] . Furthermore, the expression of estrogen 
and progesterone receptors in both the human ACL [12,14] and the 
brain [15] provides the theoretical basis for examining the landing 
patterns of females at peak exposure to estrogen and progesterone 
as well as during times when both of these hormones are low in the 
human menstrual cycle. 

The hypothesis that frontal plane knee kinematics would vary 
with hormonal fluctuations during the menstrual cycle is supported 
in the current investigation. A significant difference was observed 
for peak valgus knee angle between days 1-3 and days 11-13 The 
greatest valgus knee angle was observed during the late follicular 
phase (days 11-13) following a peak in estrogen secretion. The late 
follicular phase is when circulating estradiol levels are highest, but 
it is also when tissues have had the longest exposure to estrogen 
without a concomitant exposure to progesterone. 

Work by Yamauro, Hama, Takeda, Shikata, and Sanada [22] 
has shown a significant decrease in collagen in rats given only es-
trogen, or estrogen in combination with progesterone. When rats 
were given progesterone alone, the collagen content increased sig-
nificantly. Progesterone has also been shown to down regulate the 
estrogen receptor in certain rodent and primate connective tissue 
models. Through the action of progesterone, the effects of estrogen 
are inhibited [23]. Since days 11-13 represent the time when expo-
sure to progesterone has been minimal, it could be argued that the 
effects of estrogen on connective tissue are the most potent at this 
time in the cycle. 

In an ACL tissue model, a physiological concentration of es-
trogen (similar to the amount circulating throughout the menstrual 
cycle) resulted in a decrease in fibroblast metabolism and colla-
gen synthesis [24]. Similarly, Yu and colleagues [14,23] found that 
with increased estradiol, there was a decrease in fibroblast prolif-
eration in Type I collagen synthesis. Estrogen has also been shown 
to acutely decrease total collagen content in rat tendon and other 
connective tissues [25].

The effect of estrogen on collagen is critical to the integrity 
of the ACL because Type I collagen is the primary component of 
ligament strength. An alteration in the collagen matrix may have 
an effect on the remodeling capabilities of the ACL and could alter 
its mechanical properties [4]. In ovariectomized rabbits, estradiol 
replacement resulted in a significant reduction in force required to 
cause ligament failure [13].

Several human studies have also demonstrated a relation-
ship between spikes in estrogen levels and laxity changes in ACL 
tissue quality [4,16,24]. Tissue laxity and diminished stress toler-
ance occur due to decreased fibroblast activity and increased met-
allomatrix protease activity associated with exposure to estrogen 
[17]. Estrogen, in particular, has been shown to affect soft tissue 

strength, muscle strength and central nervous system function [26]. 
The amount of peak valgus knee angle observed during days 11-13 
in our present study may also be attributed to a hormonal alteration 
in neuromuscular control as hypothesized by Dedrick et al. [11] .

Concluding Remarks
Knee joint laxity and the feed forward central drive associ-

ated with motor movements may affect the kinematics of the knee 
in females during sport activities such as jumping and landing, and 
especially during specific days of the menstrual cycle. Abnormal 
biomechanics during sports activities such as jumping and landing 
can cause high joint reaction forces and increased dynamic valgus 
motion and valgus angle at the knee, both of which can be a con-
tributor to non-contact ACL injury. 

Park and colleagues [27,28] suggest that there is an increase 
in knee joint laxity and decreased stiffness at ovulation (late folli-
cular phase corresponding to days 11-13 ). The researchers further 
state that an increase in knee laxity may result in an increase in 
adduction impulse in a cutting maneuver, an increase in knee ad-
duction moment, and an increase in external rotation loads during 
jumping and stopping tasks. Myer et al. [21] further postulated 
that this increase in laxity caused an increase in anterior-posterior 
displacement which may increase the incidence of ACL injury. 

There were no significant differences found for knee mo-
tion as measured by knee distance among days 1-3, days 11-13, 
and days 21-24 of the female menstrual cycle. This is somewhat 
surprising in light of the fact that there was a significant difference 
found for knee angle. Knee angle and knee distance are both mea-
sures of frontal plane knee kinematics measured using a common 
reference marker. However, both variables peaked during the late 
follicular phase (Figures 3 and 4), suggesting that they followed 
a similar trend. The relationship between these two variables was 
explored using correlation: Only a small positive correlation (r 
=.30) was found in this sample. Knee distance is a 2 dimensional 
measurement resulting from 3 dimensional movements of the hip, 
knee, ankle and foot. This composite lower extremity movement 
pattern includes knee valgus, femoral internal rotation, foot prona-
tion and ankle flexion. Perhaps the measured increase in valgus 
knee angle was offset by lesser changes in femoral internal ro-
tation or foot pronation. Additionally, the knee distance variable 
could have been influenced by changes in stance width, which was 
not quantified in the current study. 

A limitation of this study is that the results of this study are 
only applicable to the population utilized for the study. The partici-
pants here were young, healthy, eumenorrheic females who were 
recreationally active. Many athletes at risk for ACL injury who are 
participating in organized high energy output sports are oligom-
enorrheic. Also, not controlling for stance width may also have 
influenced the knee valgus measurement using a 2-dimenstonal 
method of analysis. A two dimensional analysis of a complex three 
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dimensional process (knee valgus) cannot determine where the in-
creased valgus originates (hip, knee, ankle or foot). 

A strength of this study was the prospective nature of the 
data collection, exacting and well controlled entry criteria for study 
eligibility, serum analysis of sex hormones (which allowed us to 
eliminate women who were not in the menstrual cycle phase that 
corresponded to our stated days for analysis), and the observation 
of 3 months of normal menstrual activity during the study period. 

Summary and Conclusion
We found a significant difference in peak valgus knee angle 

during days 11-13 when serum estradiol was highest. This time 
frame in the menstrual cycle could have important implications 
since progesterone inhibits the effects of estrogen [23]. With mini-
mal inhibition from progesterone, the effects of estradiol could be 
magnified. Estrogen has been previously shown to affect soft tis-
sue strength, muscle strength, and central nervous system function 
[26] and the quality of ACL tissue following peak exposure to es-
trogen. These coupled with altered neuromuscular control result-
ing in an increased valgus knee angle could suggest a possible dual 
mechanism for the effects of hormonal fluctuations on ACL injury 
in female athletes. Even though our study did not examine ACL 
injury in females, researchers who have examined ACL injury in 
female athletes have found increased injury during the phase of the 
menstrual cycle correlated with days 11-13 [29]. 
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