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Abstract
The purpose of this project was to test whether the effect of 17-fl-estradiol on the
medial collateral ligament (MCL) would duplicate previous studies in which it increased

laxity and if these effects would be mimicked by the use of a synthetic form of estrogen

(tamoxifen) at pharmacological doses. My hypothesis was pharmacological levels of
both 17-P-estradiol and tamoxifen would increase the laxity of the MCL without affecting
the breaking point as compared to controls.
Mechanical tests on the isolated MCL of prepubescent female rats were

performed to test the stretch and breaking point weight after treatment with the equivalent
of peak human levels of estradiol. Mechanical tests were also conducted on the isolated
MCL of prepubescent rats treated with tamoxifen. Increased laxity in the MCL of the

estradiol and tamoxifen treated rats, when compared with the control group, was
observed. It was also determined increased levels of estradiol and tamoxifen did not

affect the breaking point weight of the MCL.
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Introduction and Literature Review
Since the introduction of Title IX in 1972, women are increasingly participating
in organized sports. The growing number of female participants naturally coincides with

an increase in injuries to female athletes. However, studies conducted through the
National Collegiate Athletic Association have shown female athletes to be two to eight
times more likely to injure the ligaments of their knees than males in similar sports

(Arendt and Dick 1995; Moeller and Lamb 1997). This phenomenon has no clear
explanation but several intrinsic and extrinsic factors have been attributed to the high rate

of knee injuries among female athletes such as anatomical differences, types of activity,
quadriceps-hamstring imbalances, and hormonal differences. It has been reported a
female is most susceptible to ligament injuries during the pre-ovulatory phase of her

cycle, when her estrogen levels are highest (Wojtys et al. 1998). In 2000, Kahl
demonstrated that pharmacological levels of estradiol cause increased laxity in the medial
collateral ligament.
Anatomical Structure

The knee is the most anatomically complex joint in the human body and functions

in movement and stability. It is a hinged joint with a rotational component allowing for
140° of extension and flexion stabilized by four major ligaments: anterior cruciate

ligament (ACL), posterior cruciate ligament (PCL), lateral collateral ligament (LCL), and
medial collateral ligament (MCL) (Figure 1). The knee joint is formed by the articulation

of the femoral condyles with the concave head of the tibia and is cushioned between the

tibial and femoral articulations by the menisci. The menisci are two moon-shaped layers
of fibrocartilage located on the medial and lateral sides of the articulations of the tibia.
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Human Knee

The human knee is not symmetrical but stable nonetheless. The lateral femoral
condyle is broader, more prominent, and located superior to the medial condyle. The
location and structure of the medial condyle compensates for the obliquity of the femoral

shaft. As shown in figure 1, the medial condyle slants medially while the lateral condyle
lies in the sagittal plane.
Slightly above the anterior femoral condyles is the patella or “kneecap” which is

held in place through ligaments and tendons. The patella is held in position by the

patellar ligament, which is attached to the tibia, and the quadriceps femoris tendon, which
is connected to the rectus femoris. The patella distributes compressive forces of the knee

during extension by increasing contact between the patellar tendon and the femur.

A membranous capsule encloses the entire knee, excluding the patella. The
synovial membrane of the knee is assisted in its function by the iliotibial track, fascia

lata, and several other tendons. The cruciate ligaments are posteriorly protected by the
oblique popliteal ligament.
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The knee is supported by eight ligaments, all of which are susceptible to injuries.
Commonly injured ligaments of the knee are the cruciate ligaments and the MCL. There
are two cruciate ligaments, the PCL and ACL. The cruciate ligaments are strong, cord

like ligaments that cross each other because of their different respective posterior and

anterior attachment sites on the tibia. The PCL prevents excessive internal tibial rotation,
guides the knee in flexion, and acts as a drag during the initial glide phase of flexion. In
contrast, the ACL stabilizes the knee in full extension, prevents anterior translation of the
tibia, and reduces excessive internal rotation in conjunction with the PCL. The MCL is a

broad, flat band attached to the medial condyle of the tibia and the medial epicondyle of
the femur below the adductor tubercle as well as the medial meniscus. The MCL

prevents hyperextension and lateral movement of the joint.

Composition of Ligaments
Proper function of all of the ligaments of the knee depends upon several factors

including the synthesis, assembly, type, cross linking, and remodeling of ligamentous
collagen (Cooper and Misol 1992). Collagen is synthesized with propeptide extensions at

each end which are stoichiometrically removed during fibrinogenesis and exported into
the extracellular fluid. The propeptide removed from the carboxyterminal end of the

original collagen molecule is later found in the extracellular matrix. All cleaved
extensions, once in the extracellular fluid, directly relate to the levels of extracellular

collagen and are called procollagens. The bundles of collagen present in the extracellular
fluid are able to form cross linkages influencing the ability of ligaments and tendons to

withstand stress.
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Collagen is the most abundant protein found in mammals but its strength and
elasticity depends upon its type. Type III procollagen leads to Type III collagen which

has been shown to directly correlate with elasticity while Type I collagen, from Type I
procollagen, is associated with an increase in the mechanical strength of tissues (Liu et al.
1995). A large ratio of Type I to Type III is indicative of greater ligament strength but

the relative strength of Type I and Type III collagen is not exactly known (Laros et al.
1971).

Increased levels of estrogen have been shown to significantly decrease Type I
procollagen levels without affecting Type III procollagen in the human ACL (Dyer et al.
1980; Yu et al. 1999). Therefore, when a tissue is exposed to increased levels of estrogen

it could be expected to show a decrease in strength due to a decrease in Type I
procollagen synthesis and appear lax due to unaffected Type III procollagen levels.

When a combination treatment of progesterone and estrogen is administered the dose
dependent decrease in fibroblast proliferation and procollagen Type I synthesis is reduced
(Yu et al. 1999). But, when estrogen levels were lowered the effects of progesterone
were more pronounced, which suggests the effects of estrogen on fibroblast proliferation

and procollagen Type I synthesis is more dominant than those of progesterone (Yu et al.

1999).
Hama et al. (1976) found collagen to be the major load bearing component of the

ACL. Seneviratne et al. (2004) reported concentrations of 17-p-estradiol did not have an

effect on collagen synthesis or ACL fibroblast proliferation. According to Yu et al.

(1999) a dosage of pharmacological levels of estrogen slows the initial rate of
procollagen synthesis but over time the decreased rate of synthesis becomes negligible.
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The types, bundle widths, shapes, sizes, crimps, and number of bundles of
collagen present can differ from tissue to tissue. Amiel et al. (1990) described crimp as a
“regular sinusoidal pattern in the matrix.” The crimp serves to cushion the tissue by

preventing damage to individual fibers. Interestingly, the ACL differs from the MCL by

its crimp and other characteristics.
The cells within the MCL are rod or spindle shaped cells with a length of 15 pm
and a width of 3-5 pm. The crimp amplitude is 10 pm and period is approximately 45
pm. The fibrils in the MCL have a diameter of 190 nm. In the ACL, the fibrils are

smaller than 190 nm in diameter and have greater variability in their average diameter

than the fibrils in the MCL. Limited areas of amorphous ground substance components,
proteoglycans and glycosaminoglycans surround the fibroblasts of the MCL, which are

located in the midst of compact parallel collagen fibrils.
The crimp in the ACL has an amplitude of 5 pm and a period of 45-60 pm and is

helical near the ends of the ligament while relatively straight in the middle with a planar
wave pattern (Amiel et al. 1990). The fibroblasts of the ACL have an oval-like shape and
are located on either side of the bundle with a length of 12-15 pm and a diameter of 5-8

pm. The fibroblasts of the MCL and ACL may have a number of cellular organelles and

long microvilli associated with them but the fibroblasts in the ACL lack compact, parallel
collagen fibrils (Amiel et al. 1990).

The MCL also differs from the ACL in the amount of fibronectin in the tissue.

The ACL has, on average, over two times the amount of the glycoprotein fibronectin than
the MCL (Amiel et al. 1990). The fibronectin aids in the interaction of the extracellular
matrix surrounding the tissue in relation to the tissue by bonding the important cellular
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components of the ligament together (Amiel et al. 1990). According to Amiel et al.
(1990) the fibronectin functions to maintain matrix morphology, cellular adhesion, and

cell migration.
Reducible cross-links in soft tissues are a protection mechanism against various
types of forces and the ACL contains more reducible cross-links than the MCL (Amiel et
al. 1990). Reducible cross-links include those composed of hydroxylysinonorleucine
(HLNL), dihydroxylysineonorleucine (DHLNL), and histidinohydroxymerodesmosine
(HHMD). The healing of the ACL and MCL may be aided by the cross-links of DHLNL

and HLNL.
Factors Contributing to Injury

Recent studies have investigated various factors suspected to contribute to the
greater number of knee injuries in athletic women than men. In 1997, Moeller and Lamb
stated both intrinsic and extrinsic factors must be considered in the mechanism of knee
injuries. Some of the intrinsic factors investigated thus far are Q angle, femoral notch

width, joint laxity, and hormonal influence while the extrinsic factors studied include
training techniques, muscle imbalances, shoe-surface interface, and stop-jump patterns.
Extrinsic factors are those which are produced outside the body. Of these factors,

muscle imbalances due to differences in training techniques and physiological differences
between males and females may play the most important role (Prentice 2002). Moeller

and Lamb (1997) reported the ratio for quadriceps-hamstring mass to be smaller in

women than in men. An increased risk of ACL injuries has been identified when the

hamstring-quadriceps ratio is below 60 percent (Hewett 2000; DeMorat et al. 2004).
Moeller and Lamb (1997) also found that in response to anterior tibial translation females
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fire their muscles in a differing order than males during stopping and planting motions by

firing their quadriceps muscle before their hamstring muscles (Moeller and Lamb 1997).
Hewett (2000) explained the hamstring muscles act as a knee joint compressor and

restrict anterior motion of the tibia; the latter being most important in preventing the

common mechanism of ACL injury.
Intrinsic factors which contribute to the increased incidence of knee injuries in

females are those related to the body directly (Uhorchak et al. 2003). The Q angle is

formed in the frontal plane by two line segments: from the tibial tubercle to the middle of
the patella and from the middle of the patella to the anterior superior iliac spine.

Although the typical Q angle in adults is 15 degrees, it varies between the sexes because
of structural differences in the pelvis. The average Q angle for males is 14 degrees while

females have an average Q angle of 17 degrees because of an anatomically wider pelvis.

A wider pelvis in females causes them to be more susceptible to patellofemoral and other
knee problems than their male counterparts (Loudon et al. 1996). In 1991, Shambaugh et

al. reported larger Q angle puts medial stress on the knee by increasing the lateral pull of
the quadriceps femoris. Shambaugh et al. (1991) also reported athletes of both sexes
with knee injuries had, on average, larger Q angles.

The intercondylar notch between the medial and lateral epicondyles of the femur
is called the femoral notch. Muneta et al. (1997) and Houseworth et al. (1987)
hypothesized a narrowed femoral notch width could be a predictive factor for knee

ligament injuries. Charlton et al. (2002) elaborated by stating it was through the use of
the notch width index that the intercondylar notch could be measured and the risk factor

for ACL injury assessed. However, Anderson et al. (2001) found there was no difference
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in the notch width index between males and females. Hamer et al. (1994) and Herzog et

al. (1994) also concluded there was no connection between the notch width index and

ACL tears. In 1998, Shelboume et al. had stated the actual notch width, not use of the

notch width index, determined the size of the ligament, while the strength of the ligament

depended directly upon the size of the ligament. While as early as 1995, Hutchinson and
Ireland concluded A-shaped notches correlated with increased ACL injuries because of a

decreased actual notch width.

Joint laxity is described as an inherent characteristic combining musculotendinous

flexibility and joint hypermobility (Rozzi et al. 1999). In 1996, Huston and Wojyts
stated anterior tibial laxity tends to be greater in women than men. Nicholas (1970)

found male football players with loose joints suffered significantly more injuries than

those who did not but this finding has been challenged by multiple other studies

(Godshell 1975; Grana and Moretz 1978; and Moretz et al. 1982). Therefore, no
consensus has been made on whether there are differences in anterior posterior translation
between males and females or if increased translation is an indicator of ACL injuries.

The posterior tibial slope has also been cited as a factor in the mechanism of ACL
injuries. DeJour and Bonnin (1994) reported there is a six millimeter increase in anterior

tibial translation for every 10 millimeter increase in posterior tibial slope. A greater

posterior slope is significant because it allows the femur to slide more easily down the
slope when the tibia is subjected to forces from the quadriceps. However, further study

has found no difference between the tibial slope of 50 ACL deficient knees and 50 knees
from individuals of the same age with patellofemoral pain (Meister et al. 1998). In 2001,
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Jackowski et al. reported no difference in tibial slope between males and females by use
of computed tomography (CT) scans.
During a woman’s menstrual cycle hormonal levels fluctuate on a 28 day rhythm

which is broken up into the equivalent of three phases. During the follicular phase of the
cycle (days 1-9) levels of estrogen and progesterone are low. Preceding ovulation (days

10-14), a rise in estrogen occurs. The luteal phase (days 15-28) is characterized by rising
levels of progesterone while relaxin levels increase halfway through the phase.

17-P-estradiol is secreted by the ovaries and is considered the most prominent

estrogen present in the body (Norman and Litwack 1997). Receptors for estrogen and

progesterone have been identified on the fibroblasts in the ACL stroma, and blood vessels
of the human ACL as well as in the synoviolcytes in the synovial lining around the

ligament (Liu et al. 1996; Sciore et al. 1997). In 1998, Sciore et al. reported receptors for
estrogen and progesterone were present not only in the ACL but the MCL, MCL
epiligament, LCL, patellar tendon, and synovium.

Studies continue to report that female sex hormones affect joint laxity (Liu et al.
1997). In 1998, Wojtys et al. reported females to be most susceptible to ACL injuries

during the pre-ovulatory phase of their cycles when estrogen levels are at their highest

(day 12). Data for this study had been collected by questionnaires which required the
athletes to state what phase of the menstrual cycle they were in and the following year
statistical corrections were made to the paper (Wolman 1999).

In 2002, Wojtys et al.

used urine samples to determine the women’s phase of the menstrual cycle and once

again found that ACL injuries occurred the most in mid cycle. In contrast, Slauterbeck et

al. (2002) found that on days 1 and 2 of menses women were more susceptible to ACL
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injuries. Interestingly, Berlanger et al. (2004) and Karageanes et al. (2000) reported no
change in ligament laxity during the follicular, ovulatory, and luteal phases of the

menstrual cycle. Studies conducted on women throughout their third trimester of
pregnancy and after delivery showed increased anterior tibial translation during the third

trimester which correlates to higher levels of estrogen (Charlton et al. 2001). Charlton et
al. (2001) does point out estrogen levels in the third trimester are 20 times greater than
those of non-pregnant women which is similar to comparing the effects of physiological

levels of a drug to pharmacological levels. However, Strickland et al. (2003) stated there

was no change in ligament strength and stiffness after a six month treatment of estrogen
or a selective estrogen receptor agonist (raloxifene).

Estrogen’s mechanism of action is through the nuclear estrogen receptors which
control gene transcription. Selective estrogen receptor modulators (SERMs) also bind to
the nuclear estrogen receptors and either mimic or block the action of estrogen,

depending on the tissue type (Shang and Brown 2002). Cells produce alpha and/or beta
nuclear estrogen receptors and SERMs can affect each type of receptor differently (Paige

et al. 1999). Once a SERM, such as tamoxifen, binds with the nuclear estrogen receptor,
the receptor changes shape and then attaches to a docking site called an estrogen response

element (ERE) on DNA. The binding to the ERE activates a transcription complex
responsible for gene transcription. SERMs can also bind to the nuclear estrogen receptor
and cause a shape change inhibiting the formation of the transcription complex. Jordan

(1998) hypothesized SERM binding may cause an irregular shaped receptor that
coactivator proteins may still tolerate forming a functioning transcription complex.
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A previous study showed increased laxity in rat MCLs when the rats were
exposed to pharmacological dosages of estradiol (Kahl 2000). My study tested whether
the effect of estradiol on the MCL would be mimicked by the use of a synthetic form of
estrogen administered at pharmacological doses or if the synthetic form would have no

effect. I hypothesized pharmacological levels of both 17-p-estradiol and tamoxifen
would increase the laxity of the MCL without affecting the breaking point as compared to

controls.
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Materials and Methods
Animals

The rats utilized in this study were prepubescent female Wistar rats. They were
kept in Carroll College animal facilities with an alternating 12-hour light and dark cycle

and maintained on Purina Rodent Chow and tap water. Ten rats were utilized in each

control and experimental groups throughout this study. The rats were 32 days old when
the initial priming dosages were given to the estrogen and tamoxifen groups. The control
group was given the same volume of vehicle (sesame seed oil). The animals were 34

days old when the estrogen and tamoxifen groups were given experimental dosages. The

control rats were terminated 45 hours following injection. The estrogen and tamoxifen
experimental groups were terminated 36 hours following the experimental dosage, when
experimental levels of the hormones would be at a maximum. The rats were euthanized
using either CO2 or ether.

Drug Preparation
The priming dose for the experimental groups was 5 pg of 17-p-estradiol in 0.1

ml of vehicle. The experimental dosage of 17-p-estradiol was 100 pg in 0.1 ml of
vehicle. The experimental dosage of tamoxifen was 1,000 pg carried in 0.1 ml of vehicle.

The control group received 0.1 ml of vehicle. These dosages were taken from the studies

conducted by Kahl (2000) and Duchesneau (2004). Tamoxifen and 17-P-estadiol were
obtained from the Sigma Company in St. Louis, MO.
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Experimental Groups

Two protocols were used.
Protocol One

Ten Wistar rats were injected subcutaneously, between the shoulder blades, with

0.1 ml of the prepared 5 pg 17-p-estradiol priming dose. Forty hours later, the rats were
injected subcutaneously with 0.1 ml of the prepared 17-P-estradiol dose (100 pg).

Thirty-six hours later the animals were terminated. The time delay for

euthanizing the rats was based on the 36 to 40 hour activation peak of estradiol (Samuel

etal. 1996).
Protocol Two

Protocol two differs from protocol one in that an experimental dosage of prepared

tamoxifen (1,000 pg) was utilized in place of the prepared 17-P-estradiol dose. The
*
dosages were based on a previous study (Duchesneau 2004).
Testing Method

Following termination, the right and left hind legs were removed and skinned
before being placed in a 0.9% saline solution and frozen within 10 minutes of the animal

being euthanized. Previous studies have shown ligaments will retain integrity if frozen
and later thawed for experimentation (Slauterbeck et al. 1999). The right leg of each
animal was tested while the left leg was kept frozen. The left leg was utilized if the right
leg broke at the bone and thus failed to break at the ligament.

After removal from the freezer, specimens were thawed for no more than 24 hours

in a refrigerator at 37° F (2.7° C). Once thawed, all ligaments, muscles, and connective
tissue were removed except the MCL, which was kept moist with a 0.9% saline solution

CORETTE LIBRARY CARROLL COLLEGE

Kuehn 14
throughout the experiment. The proximal head of the femur was placed in a plastic wire

cap with an eye screw attached and secured with 90-second epoxy. The distal end of the

tibia was secured in a similar cap with an eye screw inserted through the base of the cap
and fastened with the same epoxy. The caps were held in a stable position by two
manipulative devices for 40 minutes to let the epoxy set.

The preparation was then mounted on the testing apparatus (Figure 2). The cap
containing the femur was connected by an S-ring through the eye screw to a clamp. The

cap with the tibia was attached with wire by an S-ring through the eye screw to a bucket.
An ocular lens of 6x magnification was held over a marker on the wire by a clamp and

was used to measure the stretch in the ligament with each addition of weight. Masses
were added to the bucket until ligament failure. The procedure employed in this
experiment for weight increments was developed by Kahl (2000). The maximum load

sustained at breakage was recorded for each ligament. The amount of time from removal
of the thawed leg from the refrigerator until breakage averaged 50 minutes.

Statistical Analysis

Analysis of data (MANOVA, ANOVA, and TUKEY HSD) was completed using
Statistca 4.0. The significance of applied force in relation to the stretching of the MCL

for the various treatments was tested.
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Figure 2. Apparatus and ocular lens for experimentation.
(Kahl 2000)
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Results
Table 1 shows average breaking points with standard deviations for each

treatment. With a p value of >0.001, the breaking points of the MCL between the three
groups did not statistically differ (Fig. 3). The average breaking points for the control,
estradiol, and tamoxifen groups were 590 (g), 597 (g), and 600 (g), respectively.

The results of the stretch of the MCL did show a significant difference in the
distance stretched prior to failure when comparing estradiol-treated animals to the control
group at separation forces greater than 200 grams (Fig 4). Tamoxifen also showed a

difference in stretch prior to failure when compared with control animals at separation
forces greater than 200 grams (Fig 5). The study revealed the total distances stretched by

the estradiol and tamoxifen treated rats were not statistically different from each other but
the total stretch of the estradiol and tamoxifen groups were statistically different when

compared to the ligament stretch in the control group (Table 2). Figure 6 shows that the

tamoxifen and estradiol experimental groups were statistically different from the control
group at separation forces greater than 200 grams. The distance stretched at separation

forces above 350 (g) were not included in the figures because variability in the number of

animals at each point. The general trend of increased laxity in the estradiol and

tamoxifen treated rats was maintained at the data points above 350 grams.

Kuehn 17

Table 1. Mean breaking point data with standard deviation of each group, f
Breaking Point (g)l
Treatment
Estradiol

Tamoxifen

Controls
Experimentals
Controls
Experimentals

590 ±21.08
597 ± 86.8
590 ±21.08
600 ± 77.75

1. mean value ± S.D.
f Note: There was no statistical difference in breaking points
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Ligament Breaking Point

□ Control
■ Estradiol

□ Tamoxifen

Figure 3. Comparison of the mean breaking point of the medial collateral ligament in
estradiol, tamoxifen, and control groups. Note no statistical difference among groups (p
value >0.001). N=10 for each group.
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Figure 4. Comparison of the distance stretched by the medial collateral ligaments of rats
treated with estradiol and controls. A statistical difference is noted (p value <0.001). N =
10 for each group.
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Figure 5. Comparison of the distance stretched by the medial collateral ligaments of rats
treated with tamoxifen and controls. Note a statistical difference (p value <0.001). N =
10 for each group.
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Table 2. Tukey HSD test; variable TOTAL
STRETCH__________________________
Probabilities for Post Hoc Tests_________
MAIN EFFECT:
GROUP
{1}
{2}
{3}
3.3OOOOO 3.200000
2.000000
T
0.823485
0.000127
{1}
E
0.823485
0.000127
{2}
C
0.000127
0.000127
{3}
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Mean Stretch of Control, Estradiol, and
T amoxifen T reated Rats

Figure 6. A comparison of the distance stretched by the medial collateral ligaments of
rats treated with estradiol, tamoxifen, and controls. Note a statistical difference between
both the estrogen and tamoxifen treated groups when compared with the controls (p-value
<0.001) No statistical difference between estrogen and tamoxifen groups was observed.
N= 10 for each group.
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Discussion
In this study, increased laxity was observed in the medial collateral ligament

(MCL) of the 17-P-estradiol and tamoxifen experimental groups when compared to
controls. The maximum failure weight at the MCL breaking point was not observed to

statistically differ among the groups and the average maximum load sustained by all
ligaments was 595.67 g. This study found that tamoxifen mimics the effects of 17-J3-

estradiol by inducing laxity in the MCL.
In 2000, Kahl theorized a treatment of 17-J3-estradiol would cause the tensile
strength of ligamentous tissue to decrease and become more susceptible to stretching.

The present study supports these findings since both estrogen and tamoxifen treated
ligaments were found to stretch more at pharmacological levels of the hormones while

maintaining maximum load strength. Yet, Slauterbeck et al. (1999) stated estrogen

therapy decreased load limit at failure and Belanger et al. (2004) determined the
follicular, ovulatory, and luteal phases of the menstrual cycle do not affect laxity in the
ACL. These discrepancies suggest several factors may be involved in the resulting

increased laxity of ligamentous tissue. Both extrinsic (training techniques, muscle
imbalances, shoe-surface interface, and stop-jump patterns) and intrinsic factors (joint

laxity, tibial slope, Q angle, femoral notch width, and hormonal influence) may
contribute to the increased levels of ACL injuries in female athletes.

Differences in training programs between males and females may contribute to
the increased length of time needed to generate maximal hamstring muscle torque during

isokinetic exercises in females (Huston and Wojtys 1996). Training differences may also
contribute to a woman’s greater reliance on her quadriceps in response to anterior tibial
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translation (Huston and Wojtys 1996). Improper hamstring-quadriceps ratio, most likely
due to improper training, can place excess force on the ACL and cause increased anterior

tibial translation. The action of the quadriceps is considered to be antagonistic to the
ACL while the hamstring is believed to be ACL protective. The hamstring-quadriceps
ratio is considered to not be a risk factor for ACL injury when it is above 60% (Hewett

2000).

The shearing force upon the knee from stop-jump activities is also affected by

shoe-surface interface which was proposed by Powell (1987) as being a causative factor
for ACL injuries. Women exhibit greater knee extension and valgus movements

(outward turning of the foot) during landing as well as greater proximal tibial anterior
shear force during stop-jump tasks than males (Chappell et al. 2002). The knee injury

mechanism most common for ligament tears is a valgus force (lateral force) with the knee

near full extension (Olsen et al. 2004). But males and females continually participate in
activities on the same surfaces so the interface negligibly explains the increased knee

injuries in females. On the other hand, Hewett et al. (1996) noted men have flexor
moments about the knee that are three times that of women during jumping. Hewett et al.

(1996) later developed a program which decreased ligament injuries by reducing knee
adduction and abduction moments by 50 percent. The developed program by Hewett et

al. (1996) is currently considered the best leveling out factor for compensating for gender

difference.
Improvements in strength and conditioning programs and enhancements in

hamstring strength could reduce incidences of ACL tears in female athletes. Gwinn et al.
(2000) noted women at the Naval Academy were more likely to injure their ACL when
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utilizing the same facilities. Ireland (1994) stated women have less muscular

development, lower extremity malalignment, and misfiring of muscles which causes them
to rely more on their quadriceps than the hamstring. The use ofjump training programs
and improvement of hamstring to quadriceps ratio as well as decreasing the

adduction/abduction of the knee, have shown a reduction in ACL injuries (Mortez et al.

1982; Fagenbaum and Darling 2003). Nelson and Brandy (2004) also reported improved
hamstring flexibility reduced injuries in high school males. Further research is needed to

develop sex specific programs not only for athletes but all women.
Extrinsic factors may contribute to the increased incidence of ligament tears in

females but do not explain observed increases in laxity of the medial collateral ligament
with varying hormone levels; thus intrinsic factors must be taken into consideration.

Nonetheless, intrinsic factors research, such as joint laxity and tibial slope, has been

unable to come to a consensus about the various contributions they may make to the
increased ACL injuries observed in female athletes. Ifjoint laxity and tibial slope were

found to positively correlate to knee injuries it would be because they allow for greater
shearing force to occur during stop and pivot motions but no conclusions have been
reached about either factor.

The quadriceps angle may also be a significant intrinsic factor in the cause of

increased ACL injuries in female athletes but Baker (1998) and Ireland (2002) point out
numerous inconsistencies and conclusions present in previous studies on the Q angle and
no conclusive findings exist. Gray et al. (1985) found no correlation between quadriceps

angle and ACL tears in a group of female athletes, while Zelisko et al. (1982) proposed
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increased stress was put on the ACL because of a large Q angle. Continued

inconsistencies led Ireland (2002) to request further study on the Q angle in order to

resolve the issue.
Inconsistencies in conclusions also surround the femoral notch although probable

solutions have been presented. The actual femoral notch width has been theorized to
determine the size of the cruciate ligaments and it is the size of the ligament which
ultimately contributes to the strength of the ligament (Shelboume et al. 1998; Aglietti and

Buzzil 1993). Anderson et al. (2001) added that the ACL of females is statistically

smaller than males after adjustments for body weight, but currently no difference in notch

width between males and females has ever been reported because researchers have not
come to a consensus on how to measure the femoral notch width.

In 1998, Shelboume

et al. stressed the notch width index should not be used because it does not account for
height differences among individuals but even in 2002 Charlton et al. continued to use

the notch width index. Further research on the actual femoral notch width and its relation

to knee injuries is needed because previously a correlation between notch width and ACL

injuries has been observed (Laprade and Burnett 1994).
Foos et al. (2001) identified the tissue inhibitor products of metalloprotease

(TIMP) and matrix metalloprotease (MMP) genes while investigating components of the
ACL matrix. Slauterbeck and Hardy (2001) point out that all four known TIMPs and

nine MMPs have been identified in the ACL. This provides a manner in which the tissue

is able to be affected by estrogen and progesterone because Wahl et al. (1977) found that
estrogen and progesterone regulate the transcription of several TIMP and MMP genes.
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The endometrial MMPs have been found to degrade Type I collagen; supporting theories

connecting ligament injury to periods of increased estrogen (Woo et al. 1994).
Inability to precisely measure changes in estrogen and progesterone levels during
the menstrual cycle have lead to inconsistencies in the identification of the menstrual

phase with the highest rate of knee injuries. Arendt et al. (1999) and Myklebust et al.

(1998) stated the week before or after menstruation correlated with the greatest risk of
ACL injury. While Heitz et al. (1999) found the luteal phase of the hormonal cycle was

the period corresponding to increased knee laxity. Limitations do abound in the Heitz et

al. (1999) study. The group admitted the effects in laxity observed may have been a
delayed effect of the initial estrogen peak during the follicular stage or occurred earlier

than the luteal phase and measurements were not taken during the transition from
follicular to luteal phase. Another study reported the ovulatory phase of the female cycle

had a greater incidence of ACL injuries (Wojtys et al. 2002). DeCree et al. (1997)

observed decreased estrogen levels after strenuous exercise, which offers an extrinsic

mode of therapy to counter the intrinsic effects of hormones on soft tissue such as
ligaments. Strenuous exercise was defined as daily training programs on a cycle

ergometer designed for the individual's maximal physical working capacity (DeCree et al.

1997). Interestingly, in research concerning the menstrual cycle and its connection to

ACL injuries, women taking oral contraceptives did not demonstrate the same
relationship between the menstrual phase and time of ACL injury as those not on birth

control pills (Wojtys et al. 2002).
In 2000, Hewett found that individuals taking oral contraceptives had increased

hamstring-quadriceps ratios, decreased knee laxity, and increased knee stability when
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compared with individuals not taking birth control pills. Individuals on birth control pills
have also displayed reduced torque forces and lower impact forces at the knee (Hewett
2000).

Menstruation also does not occur when a woman is pregnant and this causes

progesterone levels to increase relative to estradiol levels. Interestingly, the number of
estrogen receptors is known to decrease during pregnancy while the number of

progesterone receptors remains unchanged (Sciore et al. 1998). With estrogen receptor
levels decreasing, the effect of estrogen on Type I collagen degradation is reduced and a

five-fold increase in the amount of collagen present in female uterine tissue is observed
during pregnancy (Halme and Woessner 1975). Woessner (1962) noted within eight to
eleven days after delivery a woman’s collagen content is reduced by 75 percent. This is

most likely due to the increase in estrogen receptor levels following pregnancy (Shaikh
1971).

In addition to reducing collagen levels, estrogen induces relaxin production.
Relaxin is a polypeptide female sex hormone secreted by the corpus luteum facilitating

birth by causing relaxation of the intrapubic ligament and prepares the uterus for labor.

Receptors for relaxin have been identified on the ACL and it is known to modify arterial

resistance (Dragoo et al. 2003; Conrad et al. 2004). Although high levels of relaxin are
found only in pregnant women it demonstrates the connection between ligament laxity
and hormonal influence. In non-pregnant females serum levels of relaxin peak 6-9 days
after the luteal surge. In 1993, Unemori et al. proposed relaxin’s role in inhibition of
collagen synthesis and collagen degradation in pregnant and non-pregnant women.

However, Arnold et al., (2002) failed to find a statistically significant relationship
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between knee joint laxity and weekly serum relaxin levels. Although the group did find
that serum relaxin levels were higher in ACL injured females, it was not statistically

significant (Arnold et al. 2002).

The data of Kahl (2000) and this paper are supported by the findings that estrogen

increases the degradation of Type I collagen (Dyer et al. 1980; Yu et al. 1999). A
ligament would stretch more under a load rather than failing because the effects of Type
III collagen would become more noticeable as Type I collagen was degraded by the

effects of estrogen. Only a slight amount of estrogen would be needed to degrade Type I
collagen as Fischer (1973) observed greater degradation of aortic tissue collagen in rats
after receiving a single dose of estradiol when compared with controls. Different levels

of collagen synthesis and degradation were also noted between males and females
(Fischer 1973). Therefore, a woman’s ligaments may be vulnerable for a brief period

when her fibroblast proliferation and procollagen synthesis are slowed during times in her

normal menstrual cycle.

Interestingly, a study conducted by Rasanen and Messner (2000) on the tensile
properties of the rabbit MCL found the greatest number of ligament ruptures occurred at

the femoral insertion point. The laboratory notebooks of Kahl (2000) and this study both

noted that the femoral insertion point was the location of the greatest number of ligament

ruptures. Rasanen and Messner (2000) hypothesized estrogen also affects the bone,

which leads to the increased ligament ruptures occurring at the bone site instead of within
the ligament itself.

My study further supports the findings of Rasanen and Messner (2000), which
observed no statistical difference between the maximum tensile force or the elastic
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modulus at failure between the controls and experimental animals. While my study did

find a difference in total ligament stretch for an applied load in estrogen treated animals

compared to controls, the elastic modulus is a ratio of applied stress to the change in
shape of the elastic body and therefore does not measure the same value. Rasanen and

Messner (2000) did report differences in the ultimate tensile strength and cross-sectional
area between the controls and treated animals but the maximum tensile force at failure
did not differ. A smaller cross-sectional area was observed in the estrogen treated

animals than in the control animals (Rasanen and Messner 2000). Kahl (2000) and
Rasanen and Messner (2000) warn their research should be applied cautiously to human

subjects. This author concurs.

My study also tested the effects of tamoxifen on ligamentous tissue to investigate
whether it would mimic the effects of estrogen on the MCL. If tamoxifen was found to

have an anti-estrogenic effect it could be used in hormonal therapy to competitively
inhibit the effects of estrogen but its administration would need to be highly regulated

because of a high occurrence of side effects. However, tamoxifen was found to mimic
the effects of 17-fS-estradiol by causing increased laxity in the MCL of female Wistar

rats. The increased laxity may contribute greatly to the increased levels of knee injuries
observed in female athletes because any force upon the ligaments of the knee would
cause greater translation and the increased sheering force may aid in ligament ruptures.
According to recent studies, the ligaments of the knee have been shown to be weakest at

their femoral insertion point and when estrogen levels are high fibroblast proliferation

and procollagen synthesis are reduced rendering the ligaments more susceptible to injury.
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Currently, the best means to overcome intrinsic mechanisms of injury are

neuromuscular training programs which combine skills training in landing and pivoting

maneuvers. Studies also advocate strengthening programs emphasizing proximal hip

control mediated through gluteus and proximal hamstring activation in a close chain
fashion (Arendt 2001). Caraffa et al. (1996) found increased balance control and
proprioception in soccer players lead to a reduced risk of ACL injuries. The development

of gender specific training programs focusing on areas such as hamstring-quadriceps ratio

will help to reduce the number of knee injuries. However, these programs do not address
the increased laxity of soft tissues after exposure to estrogen observed in multiple studies.
Studies in this injury etiology continue to receive more attention and should

focus on identifying the multifactorial relationship between all modalities associated with
increased ligament tears in female athletes. The effects of hormones on collagen
synthesis, degradation, and metabolism in ligamentous tissue will give a better

understanding to the role hormones play in this field. In addition, a better understanding

of relaxin levels and how they correlate with knee injuries is also needed. Further

research is also needed in testing the correlation of the actual femoral notch width to
ACL injuries and the effects of the Q angle on injury mechanisms. Oral contraceptives

have been proven to reduce the number of knee injuries in non-high level female athletes
but it is only when a better understanding exists about the effects of hormones on the

ligaments of the knee might they then be controlled through hormonal therapy.
Ultimately, multidisciplinary cooperation may be the key to unlocking the definitive
cause of increased female athlete ACL injuries, balancing a focused training program to
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manipulate extrinsic factors in order to overcome unchangeable intrinsic factors.
Nonetheless, it is clear additional study is appropriate on this topic.
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Appendix
A. Weight increments used (g)
50
70
90
110
130
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
350
450
550
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
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B. Average Stretch per Increment among Control Rats
Increments
Controls
50
0.22
20
0.1
20
0.1
20
0.1
20
0.1
0.1
20
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1125
50
0.16
100
0.3
100
0.27
50
0.2125
10
10
10
10
10
10
10
10
10
10
10
10
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C. Average Stretch per Increment among Estradiol Treated Rats
Increments
Experimentals
50
0.29
20
0.12
20
0.15
20
0.12
20
0.13
20
0.13
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.114286
10
0.116667
10
0.1
10
0.114286
10
0.13
50
0.25
100
0.28
100
0.2625
50
0.2
10
0.175
10
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
10
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D. Average Stretch per Increment among Tamoxifen Treated Rats
Experimentals
Increments
0.25
50
0.19
20
0.18
20
0.15
20
0.12
20
0.13
20
0.116667
10
0.1
10
0.12
10
0.125
10
0.114286
10
0.1
10
0.1
10
0.128571
10
0.1
10
0.1125
10
0.1
10
0.125
10
0.1
10
0.1
10
0.11
10
0.21
50
0.27
100
0.266667
100
0.266667
50
0.1
10
10
0.1
10
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
0.1
10
10

