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ABSTRACT:

Recent studies of female athletes have shown that females are more prone to knee 

injuries than their male counterparts. This phenomenon has been attributed to several 

factors including anatomical structure differences such as quadriceps-hamstring 

imbalances, type of activity (specifically cutting and planting motions), use of braces, and

hormonal differences. It is known that hormones like relaxin have an obvious effect on

ligament composition, but the effects of other hormones on ligaments has yet to be fully 

determined. One particular study reported that a female is most susceptible to knee 

injuries during the pre-ovulatory phase of her cycle, when estrogen levels are peaking.

This project was an attempt to show the effects of estradiol on ligament strength 

and stretch. The role of progesterone as a counter-effector of estrogen receptors was also 

considered. The original hypothesis was that increased levels of estradiol would decrease 

the weight limit the medial collateral ligament could withstand before breaking. A 

second hypothesis was that the breaking point of the ligament would not be affected, but 

the elevated levels of estradiol would increase the amount of stretch in the ligament prior 

to breaking.

Peak human estradiol levels were simulated in prepubescent rats and mechanical 

tests on the ligament were performed to measure breaking point and stretch. Combined 

levels of estradiol and progesterone were also given and the mechanical tests were 

repeated. It was concluded that increased levels of estradiol did not affect the breaking 

point but did increase the amount of stretch in the ligament prior to breakage. 

Progesterone did inhibit the effects of estradiol.
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INTRODUCTION:

Anatomy of the knee

The human knee is the largest and most anatomically complicated joint in the 

body. The knee functions for both movement and stability. As a result of these 

functions, the knee is put under increased stresses and strains from all directions. The 

knee is a hinge joint allowing flexion and extension. Inward and outward rotation 

through a 50° range in the flexed position can also occur when the collateral ligaments 

are relaxed and the leg is not bearing weight.

As mentioned, the structure of the knee is very complicated (Figure 1). The 

following description of the knee is taken from Gray’s Anatomy (1980) and Kinesiology, 

Scientific Basis of Human Motion (1997). The actual joint is formed by the articulation 

of the condyles of the femur with the concave head of the tibia. Between the articulate 

surfaces of the tibia head, the intercondyloid eminence protrudes. The knee is cushioned 

between the tibial and femoral articulations by a layer known as the meniscus. The 

meniscus is a moon-shaped layer of fibrocartilage.

Knee In Extension

Figure 1. Structure of the Knee
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The femoral condyles are not identical in structure. The condyle located laterally 

is broader and more prominent than the medial condyle. The medial condyle is located 

lower than the lateral condyle. This downward shift in the medial condyle compensates 

for the obliquity of the femoral shaft (the inward shift of the femur from its projection at 

the hip). The condyles of the femur and tibia are not perfectly parallel either. The lateral 

condyles lie in a sagittal plane while the medial condyles slant medially from front to

back.

Another important articulation of the knee is the anterior condyle surfaces of the 

femur and tibia with the patellar facet of the patella (kneecap). The patella is located 

slightly above and in front of the knee joint. The kneecap is not directly attached to any 

other bone and must depend on ligament attachments to keep the bone properly aligned in 

the track of the knee. The ligaments for this attachment are the quadriceps tendon above 

the knee and the patellar ligament below the knee along with fibers forming a pocket 

around the patella.

Other ligaments and tendons play a crucial role in the stabilization of the knee.

The entire knee is enclosed in a membranous capsule with the exception of the patella, 

intercondyloid tubercles, and the cruciate ligaments. This synovial membrane is unique 

from other such membranes in the body because it must wrap intricately around the knee 

without interfering with function. The synovial membrane is assisted in its function by 

the fascia lata, iliotibial track, and several tendons. The oblique popliteal ligament 

replaces the membrane posteriorly and protects the cruciate ligaments that are not 

included in the capsule. In addition to the synovial capsule, the knee includes many 

bursae, the most crucial being the prepatellar, infrapatellar, and the suprapatellar.
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The knee is susceptible to many forces and needs some type of compensating 

cushion factor. The menisci of the knee serve this purpose. Menisci are composed of 

fibrocartilage in a circular pattern. The thickness varies from outside to inside of the 

circle—the outside rim is thicker and thins out as the center is approached. Fibers from 

the synovial capsule attach to the outside rims, but the inside edges are free. The two 

primary menisci are the lateral meniscus and the medial meniscus. The lateral meniscus 

is not a complete circle, but the anterior and posterior horns almost join each other at the 

center of the joint. The medial meniscus is C-shaped and wider in the back than in the

front. The movement of the medial meniscus is not as free as that of the lateral meniscus

because it is securely attached to the medial collateral ligament and the

semimembranous-muscle. These multiple points of attachment increase the susceptibility 

of the medial meniscus to injury.

In addition to meniscus injuries, the knee is susceptible to injuries to ligaments. 

The knee is supported by eight ligaments. The first is the patellar ligament, a flat 

ligament connecting the bottom of the patella to the tuberosity of the tibia. The patellar 

ligament is a continuation of the quadriceps femoris tendon. The lateral fibular collateral 

ligaments are strong, cord-like fibers attached at the back of the lateral epicondyle of the 

femur and below the lateral head of the fibula. The purpose of the lateral collateral 

ligament is to balance tension forces and prevent medial movement. The medial 

collateral ligament (MCL) is a broad, flat band attached about the medial epicondyle of 

the femur below the adductor tubercle and to the medial condyle of the tibia. It is also 

firmly attached to the medial meniscus. The purpose of the MCL is to prevent 

hyperextension and lateral motion. The oblique popliteal ligament serves to protect the
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cruciate ligaments of the knee as well as to prevent hyperextension of the knee. The 

oblique popliteal ligament is attached above the intercondyloid fossa and posterior 

surface of the femur and to the posterior margin of the head of the tibia. It is also part of 

the tendon of the semimembranous muscle and the lateral head of the gastrocnemius.

The cruciate ligaments, along with the MCL, are the most commonly injured 

ligaments of the knee. The cruciates are divided into two classifications. Both are 

strong, cord-like ligaments inside the knee joint but are not enclosed within the synovial 

capsule. These two ligaments cross each other because of their different attachment sites 

on the tibia. The purpose of the cruciate ligaments is to control knee movement, limit 

extension and prevent rotation. They also prevent sliding of the femur on the tibia, which 

can lead to anteroposterior instability. The anterior cruciate ligament (ACL) of the knee 

passes upward and backward from the anterior intercondyloid fossa of the tibia to attach 

to the medial surface of the lateral condyle of the femur. In contrast, the posterior 

cruciate ligament is shorter and stronger than the ACL. The PCL passes upward and 

forward from the posterior intercondyloid fossa of the tibia to the front part of the medial 

condyle of the femur.

The transverse ligament is a short, narrow, cord-like ligament connection from the 

anterior convex margin of the lateral meniscus to the anterior end of the medial meniscus. 

The iliotibial band acts as a tense ligament between the iliac crest of the lateral femoral 

condyle and the lateral tubercle of the tibia. The tract functions to stabilize the ligament 

between the lateral condyles of the femur and tibia.

The muscles that function during motion of the knee are divided into anterior and

posterior groups. The anterior group includes the quadriceps femoris muscles-—the
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rectus femoris, the vastus intermedius, vastus lateralis, vastus medialis. The posterior 

muscles acting upon the knee joint include the hamstring group (biceps femoris, 

semimembranosus, semitendinosus), the sartorius, gracilis, popliteus and gastrocnemius.

The four anterior muscles work as a group to cause extension in the leg. The 

three vastus muscles work as the powerful leg extensors, doing the most work during the 

last phase of extension. These muscles are crucial in maintaining knee stability and 

strength. When a knee is injured the majority of rehabilitation is done with the anterior 

muscles of the thigh.

The angle of pull of the quadriceps is referred to as the Q angle. Structural 

differences in the male versus female pelvis modify the Q angle in the sexes, causing 

slight differences. Females have a structurally wider pelvis so their Q angle is slightly 

larger than that of their male counterparts. Because of this wider Q angle, females are 

more susceptible to patellofemoral problems and other knee instabilities.

The posterior muscles work together to cause flexion of the knee. The hamstring 

muscles are large, cord-like muscles that act as flexors of the knee. They are assisted by 

the sartorius, which is a more slender, ribbon-like muscle. The sartorius also functions in

inward rotation of the knee when it is in a non-weight bearing position. The gracilis is a 

medially located, slender muscle of the posterior thigh. In addition to aiding with 

flexion, the gracilis is responsible for the inward rotation of the tibia.

The muscles located below the knee but in the posterior plane of the lower leg 

include the popliteus and the gastrocnemius. The popliteus initiates flexion and assists in 

inward rotation of the knee. It also stabilizes the knee joint and acts as a weigh-bearing 

component during movement. The gastrocnemius is commonly referred to as the calf.



6

While acting in flexion of the knee, this muscle also functions similarly to a posterior 

ligament by protecting the knee during sudden extension-causing motions like jumping.

The knee is very susceptible to injury because it is such a complicated joint and 

involved in almost all ambulatory motion. Some of the common problems of the knee 

include contusions, collateral ligament sprains, ligament tears, chondromalacia, and 

Osgood Schlatter Disease. Of these, injuries to the ligaments are most common. Even 

though the knee exhibits a limited range of motion when the common motions of flexion 

and extension occur, a gliding motion accompanies flexion and extension. In weight

bearing actions like cutting and planting, or blocking, this gliding motion can be pushed 

beyond its normal capabilities. This forces the ligaments of the knee to stretch and be 

injured.

Most ligament injuries occur when the knee is struck on the lateral side, pulling 

the medial collateral ligaments or when the knee is twisted medially, pulling the lateral 

collateral ligaments. In the middle of the knee lies the ACL, which can also be injured in 

the same motions. The injury to the ACL is related to the alignment of the condyles of 

the femur. A lateral blow or twisting motion can cause stretching of the ligament or 

complete severing of the ligament.

In regards to these specific injuries, it has been shown that there are gender- 

correlated aspects related to how often and where the knee is injured. Researchers have 

shown the women are more likely to injure their knees than their male-counterparts. The 

National Collegiate Athletic Association has constructed a database of injuries and found 

that female basketball players are four times more likely to injure a knee than male 

basketball players (Moeller and Lamb 1997). Several suggestions have been made to
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explain this statistic. These include anatomical differences in pelvic structure, 

differences in muscle mass and hamstring-quadricep ratios, use of braces (both ankle and 

knee), and hormonal differences (Moeller and Lamb 1997).

When considering a mechanism of injury to the male or female knee, both

intrinsic and extrinsic factors must be evaluated. Intrinsic factors include all influences

related to the body directly, such as the ligament composition, joint laxity, intercondylar 

notch dimensions, Q angle differences, and hormones. Extrinsic factors are those 

influences that are produced outside of the body. Extrinsic factors may include the type 

of sport, muscle imbalances and training techniques, and playing conditions. Of these 

extrinsic factors, muscle imbalances between females and males could be important. The 

common ratio for hamstring-quadriceps ratio in a woman is smaller than the ratio in a 

man. (Moeller and Lamb 1997)

Correlation of Hormones to Knee Injuries

In a study completed at the University of Michigan it was reported that women 

are more likely to injure their knees during days 10-14 of their menstrual cycle. As 

reported by Wojtys et al. (1998), the expected frequency of ACL injuries during days 10- 

14 would be 18%, but during their study a frequency of 29% was observed with a p-value 

of less than 0.025. The female hormone cycle is very intricate and affects more than the 

reproductive tract. It has been reported that connective tissues, such as the ligaments and 

tendons, of a woman’s body have estrogen and progesterone receptors (Liu et al. 1996; 

Sciore et al. 1997). My study attempted to link estrogen and progesterone to the 

stretching patterns of the MCL.
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Many hormones work in concert to regulate the female reproductive cycle. These 

hormones are the gonadotrophin-releasing hormones (GnRH), luteinizing hormones 

(LH), and follicle-stimulating hormones (FSH). GnRH has a direct effect on the pituitary

and an indirect effect on the ovaries. GnRH causes secretion of LH and FSH from the

adenohypophysis. Levels of LH and FSH are closely linked to the two most pertinent 

hormones for my study—the ovarian hormones estrogen and progesterone. These two 

hormones are released as a response to the hormones released from the anterior pituitary 

gland. (Norman and Litwick 1997)

The menstrual cycle of a woman is, on average, 28 days long. During this time, 

two significant events occur. One mature ovum is released during ovulation and the 

uterus is prepared for implantation of that ovum if it is fertilized. The changes in the 

ovary leading up to the ovum release begin with the effects of the gonadotrophic 

hormones. The anterior pituitary gland is responsible for releasing FSH and LH in a 

cyclic pattern. Both hormones function to increase cyclic-AMP levels in the ovarian cells 

to stimulate growth and secretion of the ovarian cells. At the same time that FSH and LH 

are cycling, levels of estradiol and progesterone are also cycling. Both pairs of cycling 

hormones are directly linked to ovulation. (Norman and Litwack 1997)

Ovulation normally occurs around day 14 of a woman’s cycle. It is in the time 

directly before this that the increase in knee injuries is reported to occur. Around day 10 

of the cycle, levels of estradiol begin to increase and peak around day 12. As estradiol 

begins to drop on day 12, levels of LH and FSH peak (Norman and Litwack, 1997). 

Following this peak, release of the mature ovum occurs. After this release, levels of LH 

and FSH drop but levels of progesterone and estradiol increase. During this time, greater
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amounts of progesterone are needed in comparison to estradiol. Therefore, even though 

estradiol peaks a second time, the peak is not as great as the pre-ovulatory peak. Instead, 

about 20 times more progesterone is present that estradiol (Norman and Litwack 1997).

Since estradiol is primarily considered a reproductive hormone, the effects it has 

on other parts of the body are often overlooked. Before considering these possible 

effects, it is necessary to understand the chemistry and mechanisms of estradiol as well as 

progesterone. 17-p-estradiol is considered the major estrogen present in the human 

system and is secreted by the ovaries (Norman and Litwack 1997). Estradiol is classified 

as a steroid that affects many aspects of the human body, as is progesterone. The 

majority of progesterone is secreted by the corpus luteum but is quickly degraded to other 

steroids by the liver. In my study, the effects of estradiol and progesterone on the

skeleton and connective tissue are of most interest.

Estrogen receptors are concentrated in the nucleus of the cell. The estrogen 

receptor works as a transcriptional regulatory protein when activated by binding of 

estrogen (Norman and Litwack 1997). The receptor has many function domains, but the 

most important of these is the DNA-binding domain that interacts with the hormone 

response elements (HRE). When estradiol binds to the receptor a homodimer is formed 

that then binds to the HRE to form a transcriptional complex (Norman and Litwack 

1997). Priming of these estrogen receptors with a smaller priming dose of estrogen 

compared to the subsequent pharmacological dose increases the affinity of the receptor 

for the subsequent dose.

It has been suggested that progesterone may interfere with the binding of 

estrogens. Progesterone is also dependent on a priming dose of estradiol to increase the



10

number of cells that are responsive to progesterone. Hsueh, Peck and Clark (1976) also 

suggested progesterone as a negative effector of estradiol receptors. They suggested that 

progesterone may interfere with nuclear receptor sites within the cell. As estrogen levels 

fall after ovulation and progesterone levels rise, these raised progesterone levels may

• make the nuclear receptor cites less available (Norman and Litwack 1997).

Morphological and Physiological Characteristics of Ligaments

Because the number of estradiol and progesterone receptors as well as the 

collagen composition vary from tissue to tissue, the morphological and physiological 

difference between the two most commonly injured knee ligaments must be considered. 

While the ACL and MCL are both commonly injured, most studies have been done on 

the ACL. Nonetheless, it is likely that despite the morphological and physiological 

difference between the two ligaments both are equally affected by estrogen and

progesterone.

Collagen can differ from tissue to tissue by bundle width, shape and size, and in 

crimp. Crimp is a trait due to “a regular sinusoidal pattern in the matrix” (Amiel,

Billings, and Akeson 1990). The repetitiveness of the pattern and the amplitude of the 

folds can vary from tissue to tissue and can be specific to a tissue. The purpose of the 

crimp is to allow for some “give” in the tissue while preventing damage to individual 

fibers. It also serves to cushion the tissue, but when the limits of crimp are reached 

damage is irreversible. It is differences in crimp characteristics that distinguish the 

anterior cruciate ligament from the medial collateral ligament.
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The ACL crimp is relatively straight in the middle with a planar wave pattern, but 

near the ends of the ligament the pattern becomes helical (Amiel, Billings, and Akeson 

1990). The bundles in ACL collagen are approximately 20 pm in width, with a crimp

period of45-60 pm and an amplitude of 5 pm. The fibroblasts of the ACL are located on

• either side of the bundle and have a round to oval-like shape. The length of the 

fibroblasts is 12-15 pm and the diameter is 5-8 pm. The fibroblasts also have many 

organelles and microvilli but lack compact, parallel collagen fibrils. The fibrils of the

ACL have varied diameters.

The MCL shows several structural differences compared to the ACL. The first is 

the shape of the cells. The cells within this ligament are rod- or spindle-shaped cells with 

a length of 15 pm and a width of 3-5 pm. The crimp period is approximately 45 pm and

the amplitude is 10 pm. The bundle width is the same as that of the ACL. The fibrils in

MCL tissue are large in diameter compared to those in the ACL. The fibroblasts of the 

MCL are located in the midst of compact parallel collagen fibrils with no surrounding 

areas of amorphous ground substance like that which exists in the ACL. Both the 

fibroblasts of the MCL and the ACL have a number of cellular organelles and the long 

microvilli (Amiel, Billings, and Akeson 1990).

• Another major difference between the ACL and the MCL is the amount of 

fibronectin in the tissue. Fibronectin is a glycoprotein that is crucial for the interaction of 

the tissue in relation to the extracellular matrix surrounding the tissue (Amiel, Billings, 

and Akeson 1990). Fibronectin’s functions include “intra- and extracellular matrix 

morphology, cellular adhesion, and cell migration (Amiel, Billings, and Akeson 1990). 

Fibronectin acts in some ways as a glue in normal, healing, and growing tissue to hold
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important cellular components of the ligament together. The ACL has a average of two 

to three times more fibronectin than the MCL (Amiel, Billings, and Akeson 1990). The 

major reason for this difference is the fact that the ACL is surrounded by a synovial

sheath, while the MCL is not.

The ACL also has more reducible cross-links than does the MCL (Amiel,

Billings, and Akeson 1990). Reducible cross-links include cross-links composed of the 

following Schiff bases—dihydroxylysineonorleucine (DHLNL),

hydroxylysinonorleucine (HLNL), and histidinohydroxymerodesmosine (HHMD). 

Cross-linkages of DHLNL and HLNL may play an important role in healing of both 

ACL and MCL tissues. The importance of reducible cross-links in soft tissue seems to be 

a protection mechanism against various types of force and motions (Amiel, Billings, and 

Akeson 1990).

Gliding and ease of motion are important for proper function of both the ACL and 

the MCL. Ground substance, or the proteoglycans and glycosaminoglycans, found in 

collagen tissues is important in maintaining these characteristics. The ground substance 

only constitutes a fraction of the ligament tissue, but there is a great deal of water 

associated with it. The water helps the tissues glide more smoothly and gives elastic 

properties to the tissue. The ACL has a significantly greater amount of ground substance, 

specifically glycosaminoglycan, than does the MCL (Amiel, Billings, and Akeson 1990).

While studies have been done on the ACL of the knee, few studies have been 

done on the MCL. It is the purpose of this study to observe the effects of estradiol and 

progesterone on the MCL. While there are physiological differences between the ACL 

and the MCL, it is suspected that estradiol and progesterone will still have similar effects
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on both ligaments because of their collagen compositions. This may help to better 

identify if estradiol does, in fact, make the ligament more susceptible to injury. If so, the 

progesterone should counter-effect this and make the ligament less susceptible to 

estradiol effects. Due to its pertinence in properly conditioning and training female 

athletes who are much more susceptible to knee ligament injuries than males, sports 

medicine research is currently attempting to tackle this issue. My study will attempt to 

determine if estradiol does in fact have an effect on knee ligaments and if progesterone

can act to decrease the effect of estradiol.
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MATERIALS AND METHODS:

Animals

The rats used for this experimental study were female Wistar rats. They were 

kept in a room with a 12-h light and 12-h dark lighting schedule and were maintained on 

tap water and rat chow prior to termination. The rats were 28 days old when the initial 

priming injections were given. They were 30 days old when the experimental dosage 

was administered. At 32 days old, the rats were terminated. Termination was 

accomplished by placing the rat in a CO2 chamber until respirations ceased. At this 

point, the cervical spine was dislocated.

Drug Preparation

Sesame seed oil was used as a vehicle for administration of the hormones. The

priming dose of 17-p-estradiol was 5 pg estradiol carried in 0.1 ml of vehicle. The

experimental dosage of 17-P-estradiol was 100 pg carried in 0.1 ml of vehicle. Control

animals received 0.1 ml of the vehicle. The progesterone was 5000 pg carried in 0.1 ml 

of vehicle. These dosages were based on the previous work of Samuel, Butkus, Coghlan, 

and Bateman (1996).

Experimental Groups

Two protocols were used.

Protocol One

On day one, the experimental animals were injected subcutaneously with 0.1 ml 

of the prepared 17-p-estradiol priming dose (5 pg). Forty hours later, the primed animals
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received 0.1 ml of the experimental 17-p-estradiol dosage (100 pg). The control animals

received a 0.1-ml injection of vehicle only.

Protocol 2

On day one, the experimental animals were injected subcutaneously with 0.1 ml 

of the prepared 17-P-estradiol priming dose (5pg). Forty hours later, the primed animals 

received 0.1 ml of the prepared 17-P-estradiol/progesterone mixture (100 pg estradiol/

5000 pg progesterone).

In a thirty-eight to forty-eight hour window after the injection of the vehicle or the 

experimental dosage, the animals were terminated. This was based on the 36 to 40 hour 

activation peak of estradiol reported by Samuel, Butkus, Coghlan, and Bateman (1996).

Testing Method

Following termination, the right hind leg of each animal was dissected away from 

the animal at the hip joint. All muscles, tendons, and ligaments were removed with the 

exception of the medial collateral ligament, which was kept moist with a 0.9% saline 

solution. The head of the femur was then inserted into a small plastic cap with five- 

minute epoxy. Once this was secure, the end of tibia was inserted into a similar plastic 

cap with a quarter-inch eye screw inserted through the base of the cap and secured with 

the same epoxy. Using two manipulative devices the two caps were held in a stable 

position for thirty minutes to allow the epoxy to set.

The bones were then mounted on an apparatus for testing. The cap with the 

femur was fixed to the clamp stand while the cap with the screw inserted was extended 

by a S-ring connected to a wire, which hung over a pulley. An ocular lens with a
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magnification of 6X was placed on a ring stand, overlooking an extended piece of wire to 

measure the amount of movement caused by the addition of weights (Figure 2). Weights 

were added to the weight holder in increments until the ligament broke (Tipton, Schild, 

and Flatt 1967). These increments are summarized in Appendix II.

• These weight increments were adjusted after the first experimental group was

tested. The ligament’s original length was measured in all but the first group. Because 

there is not a great difference in the weight of the animal and the original length of the 

ligament, a mean value and the appropriate standard deviation of original ligament length 

was applied to calculations for the first experimental group.

As each weight was subsequently added, a reading from the reticle of the ocular 

lens was made. This procedure was continued until the ligament broke. The amount of 

time from the initial incision to the ligament broke was noted. This amount of time was 

never greater than one hour. The amount of weight at the breaking point was also 

recorded. Calculations were made for the change in the ligament length and the elasticity 

of the ligaments.

Statistical Analysis

An analysis of variants (ANOVA) using Statistca 4.0 was completed to test the 

significance of the force applied and the significance of the treatment in relation to the 

stretching of the MCL.
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Figure 2. Apparatus and ocular lens for experimentation.
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RESULTS

In this study, I found that the weight applied at the breaking point did not 

statistically differ from one group to the other (Table 1). The average breaking point was 

544.13 g. The standard deviation for the group treated with a combination of estradiol 

and progesterone was zero (Fig. 3).

The results did show a difference in the distance the ligament stretched, 

depending on whether the animal received estradiol or not. The animals receiving only 

the elevated dose of estradiol showed the greatest amount of stretch. In Protocol I, my 

study revealed that the distanced the ligament stretched in the animals treated with a 

pharmacological dose of estradiol was statistically different from the distance the 

ligament stretched in the control group. The statistical difference was noted in the middle 

range of stretch. No difference in standard deviation was found at the beginning or 

ending increment range. The mean values measured at common points of applied weight 

can be seen in Fig. 4. The p value was <0.001 for both the force and treatment 

comparison. (Table 2)

Those animals treated with a combination of estradiol and progesterone did not 

show a statistical difference from the controls used according to my study (Fig. 5). The p 

value was <0.001 for the force comparison. The treated group had a p value of 0.070.

(Table 3)

The value for the elasticity constant (k) of the ligament was also calculated. This 

was done by dividing the change in force by the change in distance (Huston, personal 

conversation). For this study the change in force was the difference between individual



19

increments of weight, and the change in distance was the change in the ligament length 

with each respective increment.

In those animals treated with estradiol versus the controls, there was a difference 

in the standard deviation for the value of k at two different average points (Fig. 6). In 

those animals treated with the estradiol and progesterone combination, there was no 

standard deviation difference at any of the average points (Fig. 7).
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Ligament Breaking Point

700

Comparison of Breaking Point

Figure 3. Comparison of mean breaking point for all groups of animals. Note no 

statistical difference among groups. From left to right: estradiol treated animal mean, 

estradiol control animal mean, estradiol and progesterone treated animal mean, and 

estradiol and progesterone control animal mean.
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Mean Stretch of Estradiol Treated Rats versus Controls

Figure 4. A comparison of the distance stretched by those ligaments treated with 

estradiol and those without estradiol. Note statistical difference (p value < 0.001). N = 15



22

Nfean Sbefchcf BtadoVAngsfenreTreetedRts versus Qx*ds

Figure 5. A comparison of the distance stretched by those ligaments treated with 
estradiol/progesterone combination and those without any hormone. Note no statistical 
difference (p value <0.001). N = 8
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Comparison of Elastic Constant in Estrogen Treated Animals versus Controls

Force Applied (N)

Figure 6. Comparison of elastic constant (k) for animals treated with estradiol versus 
those without estradiol. Note a difference between standard deviations at two different 
points, (p value <0.001) N = 15
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Comparison of Elastic Constant in Estrogen and Progesterone Treated Animals with Controls

1600

1400

—♦— Elastic Constant (Exp) 

- « - Elastic Constant (Ctrl)

1200

El
as

tic
 c

on
st

an
t (

k)

1000

800

600

400

200

i i i i i r0
400 800 1200 1600 2000 2400 2800 3200

Force (N)

Figure 7. Comparison of elastic constant (k) for animals treated with estradiol and 
progesterone combination versus those not treated with hormone. Note no standard 
deviation between the two groups, (p value = 0.070) N = 8
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Table 1. Mean breaking point data with standard deviation of each group. There was no 
statistical difference in their breaking points.

Treatment Breaking Point (g)a

Protocol I Controls 562.14 ± 45.72
Experimentals 534.38 ±63.83

Protocol II Controls 560.00 ± 0.00
Experimentals 544.13 ±67.08

a. mean value1 S.D.

Table 2. Results of ANOVA testing for the effects of force and estrogen treatment on 
ligament stretching.

Source F df P
Force 21.39 6, 59 <0.001
Treatment 50.04 1,59 <0.001

Table 3. Results of ANOVA testing for the effects of force and estrogen/progesterone 
treatment on ligament stretching.

Source F df P
Force 16.51 6, 42 <0.001
Treatment 3.44 1,42 <0.070
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DISCUSSION AND CONCLUSIONS:

In this study, I found that the weight applied to reach the breaking point did not 

statistically differ in any of the groups. The average breaking point was 544.13 g. 

However, the results did show a difference in the distance the ligament stretched, 

depending on whether the animal received estradiol or not. It was originally thought that 

increased estradiol levels would decrease the breakage point due to the effects of 

estradiol on collagen. Instead, the distance the ligament stretched was increased.

In Protocol I, my study showed that the distanced stretched in the animals treated 

with a pharmacological dose of estradiol was statistically different from the distance the 

ligament stretched in the controls. The mean values measured at common points of 

applied weight can be seen in Fig. 2. Because the p value for the statistical analysis was 

<0.001, the observed results were not due to chance, but most likely linked to the

increased levels of estradiol in the body.

Several studies have focused on the effects of estradiol on collagen in ligamentous

tissue. These studies support the hypothesis that the tensile strength of the ligament 

would decrease and the ligament would be more susceptible to stretch in those animals 

treated with estradiol (Hsueh, Peck and Clark 1976; Samuel et al 1996; Halme and 

Woessner 1975; Liu et al. 1996; and Dyer, Sodek, and Heersche 1980). Fischer (1973) 

found that young castrated female rats treated with a single dose of estradiol had more 

rapid degradation of collagen in aortic tissues than control animals. The resulting effect

was a decreased stiffness in the vessel.

Fischer followed the study of aortic vessels with a study on the effects of estradiol

on collagen in different tissues of young rats. These tissues included tendons and
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ligaments. The hypothesis that estradiol interferes with collagen synthesis and increases 

the breakdown of collagen in tissue can only be supported if these receptors actually exist 

in the knee ligaments. The findings of my study were consistent with previous work and 

with the work completed in Fischer’s (1973) study. Fischer (1973) found that at 144 hrs 

after injection of estradiol specific activity of hydroxyproline, a component of collagen, 

was markedly decreased in treated animals.

Liu et al. (1996) also noted the presence of estrogen and progesterone target cells 

in the anterior cruciate ligament of human tissue. Using monoclonal antibodies to the 

estrogen and progesterone receptors, they identified receptors in synovialcytes, 

fibroblasts, and blood vessel cells within and surrounding the ligament.

While collagen is partially flexible, its high tensile strength decreases the 

elasticity of ligaments. Therefore, if collagen is degraded more rapidly, the tensile 

strength of the ligament should also go down. This would explain the increased stretch 

observed in the estradiol-treated animals in this study.

Human males and females show different levels of collagen synthesis and 

breakdown (Fischer 1973). Males have a tendency to accumulate more collagen than 

females. One obvious explanation may be the link to estradiol. Females have more 

estradiol in their system. Therefore, collagen in connective tissue is more likely to be 

rapidly degraded than collagen in male connective tissue. An example of decreased 

collagen degradation occurs during pregnancy, when estradiol levels decrease because 

the woman is not ovulating on a monthly basis and progesterone levels increase. During 

pregnancy there is a fivefold increase in the amount of collagen present in uterine tissue 

(Halme and Woessner 1975). Woessner (1962) showed that after delivery, the collagen



content rapidly decreased (75%) within 8-11 days. Following pregnancy estrogen levels 

rise (Shaikh 1971).

Animals treated with a combination of estradiol and progesterone did not show a 

statistical difference from the controls used according to my study. The p value was 0.07, 

suggesting that the progesterone may have counter-affected the negative effects of 

increased estradiol levels. However, since the p value was greater than 0.05 it could 

possibly have been simply a chance occurrence. Nonetheless, I am confident that 

progesterone is interfering with the harmful effects of estrogen in the MCL.

Several studies have shown that progesterone interferes with estrogen receptors 

in the body (Okulicz, Evans, and Leavitt, 1981; Hsueh, Peck, and Clark 1976; Liu et al.; 

1996; Halme and Woessner 1975). If progesterone is interfering with the availability of 

the estrogen receptors, then estradiol will not be able to act normally. If estradiol cannot 

act normally, it is less likely to interfere with the breakdown of collagen and therefore, 

have less of an effect on the stretch of ligaments.

Several mechanisms have been offered to explain how progesterone interferes 

with the mechanism of estradiol receptors. One particular study found that the presence 

of progesterone rapidly decreases the number of available nuclear estrogen receptors 

(Okulicz, Evans, and Leavitt 1981). Okulicz, Evans, and Leavitt (1981) suggested that 

the mechanism of progesterone’s inhibitory effect on estrogen receptors may by related to 

some sort of regulatory factor that alters the actual receptor level. Hsueh, Peck, and Clark 

(1976) noted that progesterone interferes with the replenishment of cytoplasmic estrogen 

receptors. They suspected that progesterone works in two phases, first by blocking 

replenishment of the receptors and secondly, by blocking actual synthesis of estrogen

28
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receptors. No matter what the mode of action, progesterone does interfere with estrogen 

receptors and therefore, diminishes the effects of increased estradiol levels on ligaments. 

This hypothesis is supported by the results of my study.

Even though it has been demonstrated that estradiol has an effect on collagen and 

progesterone has an effect on estrogen receptors, the question arises whether or not these 

receptors are present in tissues like the MCL and ACL. It has been documented that 

estrogen receptors are present in the synovial lining around the ACL as well as the 

fibroblasts and vessels of the ligament (Liu et al. 1996). Because receptors have been 

isolated in knee tissue, it is likely that estrogen could affect the susceptibility of a 

ligament to injury. Increased levels of estrogen also lead to increased levels of relaxin in 

rat aortas (Shikata, Sanada, Yamamuro, and Takeda 1979). It is unknown if it may also 

cause increases in relaxin in ligaments. Relaxin is a hormone that is most prevalent 

during labor and acts to make ligaments more distensible. It does this by reducing the 

density of collagen (Sherwood et al. 1993). This would only enhance the effects of less 

collagen caused by estrogen directly. It was obvious in this study that stretch of the MCL

did increase when levels of estradiol were increased

Some may argue that since the ACL and MCL are not morphologically identical, I 

cannot compare the results of my study on the MCL with those of other hormone- 

ligament studies on the ACL. Due to the results I achieved, I do believe that it is likely 

that the effects of estradiol on both the ACL and the MCL are the same. The most likely

reason for this is the overall effect that estradiol has on collagen metabolism and 

breakdown. While both can be affected by estradiol and be made more susceptible to 

injuries such as sprains and strains, the difference seems to be in how they heal.
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Hart, Woo, and Newton (1992) found that the MCL heals more effectively than 

the ACL. One offered reason for this is that ligaments requiring higher tensile strength 

due to their loading patterns have fibrils with larger diameters and lower

glycosaminoglycan levels (Flint et al. 1984). It has also been noted that the MCL has a 

• larger cross-sectional area with more collagen fibrils than the ACL (Hart, Woo, and

Newton 1992). The suggested mechanism for the larger collagen fibrils is that larger 

fibrils allow for a great number of cross-links, thereby increasing the resistance to tensile 

load. If that hypothesis is followed, it would be suspected that the MCL has a great 

resistance to applied force, but at the same time may actually be more susceptible than 

the ACL to increased stretching when estradiol levels are high.

The results of my study are consistent with and comparable to the same types of 

studies completed on the ACL. Because both contain high levels of collagen, both are 

increasingly susceptible to hormone control. Despite that this study used the MCL 

instead of the more commonly injured ACL, the results suggested the same basic idea— 

hormones do make knee ligaments more susceptible to injury. Therefore, since females 

have higher levels of estrogen than their male counterparts, they are at increased risk of 

injuring their knees, especially during the pre-ovulatory phase of their menstrual cycle.

It is clear that estradiol did have an effect on the MCL. It was initially 

hypothesized that the effect would be differences in the amount of weight needed to 

break the ligament. However, this work revealed a significant difference in the stretch of 

the ligament. The distance stretched and, hence, the elastic constant, of the ligament was 

statistically different between those animals receiving hormone versus the controls.
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In regards to the initial hypothesis, one explanation may lie in identification of the 

location of estrogen receptors in ligaments. If the most collagen is contained mid

ligament, then it would be suspected that that would be where there is the most effect on 

the ligament by the hormones. Therefore, the insertion point of the ligament would be 

less likely to be affected by the hormones. With the exception of only one ligament, all 

ligaments in this study broke at the femoral insertion site instead of mid-substance. It is a 

likely hypothesis that estrogen receptors are not located close to the insertion point. At 

this point there is little data out there to prove or disprove this statement.

In contrast to this hypothesis, the stretching patterns of the ligaments in this study 

were of most importance. Because the ligaments showed increased stretching in animals 

treated with estradiol, it is hypothesized that the most estrogen receptors are located mid

ligament. If this is the case, collagen breakdown would also be increased and tensile 

strength of the ligament would decrease. As the tensile strength decreases, the ligament 

would be less capable of resisting force and stretch farther. Again, there is little 

knowledge of exactly where estrogen receptors are located in the ligament so the exact 

mechanism behind the increased stretching of the hormone treated ligament cannot be

determined.

In fixture studies, it would be advantageous to do more runs and vary the dosage 

of estradiol in an attempt to identify threshold levels that may or may not benefit or harm 

the ligament. Different weight increments may also be of interest. In the first group of 

animals, large increments were used at the beginning of each trial and smaller increments 

used near the end point because it was initially suspected that the breaking point would 

be effected. Upon completing the first set of trials it was noted that the ligaments showed
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a statistical difference in how they stretched and not in where they broke. Because of this 

it was decided to change the increments of the remaining trials. This was done to get a 

better picture of what was happening in the initial stretching period of the trials. For this 

reason, smaller increments were placed at the beginning of the trials while the larger

♦ increments were placed near the end of the trials. This allowed more data to be collected

in the weight range where the experimental animals showed the most difference from the

controls.

This field is currently receiving more and more attention as female athletes reach 

higher levels of competition. The underlying mechanical and physiological differences 

related to female knee injuries are not completely clear. In the future, increased 

morphological and physiological studies to better identify the role of hormones in 

collagen metabolism and breakdown, especially in ligament, will hold the answers. The 

identification of estrogen receptor locations will also help give a better understanding of 

what is happening in the female knee ligaments. Once a better understanding of the 

physiology behind knee injuries is reached, it may be possible to control the effects of 

hormones with monitored hormone therapy, i.e. birth control pills or other hormone 

therapy plans.
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APPENDIX:

A. Weight of all animals used in each protocol with mean value listed.

Protocol Weight Mean

I: Controls 98.4
102.3
96.2
100.5
88.3
104.5
97.5

98.20

I: Experimentals 103.5
101.0
103.1
100.7
89.9
97.8
98.4
92.2
98.3
76.2

98.32

II: Controls 120.7
117.3
113.7

117.23

II: Experimentals 101.6
100.0
91.6
106.0
94.7

98.78
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B. Weight increments used measured in grams.

Set I Set II
50 50
150 70
250 90
300 110
320 130
340 150
360 155
380 160
400 165
410 170
420 175
430 180
440 185
450 190
460 195
470 200
480 210
490 220
500 230
510 240
520 250
525 260
530 270
540 280
545 290
550 300
555 350
560 450
565 550
570 560
575 570
580 580
585 590
595 600
600 605
605 610
615 615
625 620
635
645
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D. Separation Force, Treatment Given, and Distance Stretched for each animal in

Protocol I.

Separation
Force8

Treatmentb Distance
Stretched1

1 3 0.15
1 3 0.75
1 3 0.60
1 3 0.20
1 3 0.15
1 4 0.30
1 4 0.35
1 4 0.70
2 3 0.35
2 3 1.70
2 3 1.20
2 3 0.55
2 3 0.55
2 4 0.80
2 4 1.25
2 4 1.75
3 3 0.65
3 3 2.30
3 3 2.15
3 3 1.00
3 3 1.00
3 4 1.25
3 4 1.55
3 4 2.60
4 3 0.85
4 3 2.55
4 3 2.55
4 3 1.25
4 3 1.25
4 4 1.50
4 4 1.80
4 4 3.05

Separation
Force

Treatment Distance
Separation

5 3 1.15
5 3 2.90
5 3 2.85
5 3 1.65
5 3 1.65
5 4 1.75
5 4 2.25
5 4 3.40
6 3 1.45
6 3 3.60
6 3 3.75
6 3 2.35
6 3 2.50
6 4 2.55
6 4 3.05
6 4 4.10
7 3 1.90
7 3 4.35
7 3 4.35
7 3 3.10
7 3 3.35
7 4 3.30
7 4 3.75
7 4 4.50

a: SeparationForce(g) 1=50, 2 = 110, 3 = 
150, 4 = 170, 5 = 200, 6 = 250, 7 = 300.

b: Treatment Given; 3 = Controls, 4 = 
Estradiol/Progesterone

c: Distance stretched (mm)
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C. Separation Force, Treatment Given, and Distance Stretched for each animal in

Protocol I.

Separation
Force8

Treatment1* Distance
Stretched'

Separation Treatment 
Force

Distance
Stretched

1 1 0.45 6 1 2.25
1 1 0.15 6 1 1.15
1 1 0.15 6 1 0.60
1 2 0.60 6 1 1.35
1 2 0.25 6 1 2.50
1 2 0.05 6 1 2.10
1 2 0.55 6 1 2.25
2 1 1.35 6 2 3.40
2 1 0.55 6 2 2.05
2 1 0.55 6 2 3.45
2 2 1.35 6 2 2.20
2 2 1.00 6 2 4.00
2 2 1.10 6 2 3.05
2 2 2.00 6 2 4.35
3 1 1.30 6 2 4.45
3 1 0.85 7 1 3.00
3 1 0.60 7 1 1.35
3 1 0.90 7 1 1.05
3 1 1.55 7 1 1.55
3 1 0.90 7 1 3.10
3 1 0.90 7 1 2.60
3 2 2.50 7 1 2.90
3 2 1.35 7 2 3.75
3 2 2.35 7 2 2.35
3 2 2.55 7 2 3.90
3 2 1.95 7 2 4.70
3 2 1.50 7 2 3.65
3 2 1.60 7 2 4.85
3 2 2.70 7 2 5.10
4 1 1.75 7 2 5.10
4 1 1.20
4 1 1.10
4 2 2.50 a: Separation Force(g) 1 = 50.,2 = 110,3 =
4 2 2.20 150, 4 = 170, 5 = 200, 6 = 250, 7 = 300.
4 2 2.45 b: Treatment Given: 1 = Controls. 2 =
4 2 3.35 Estradiol
5
5

1
1

2.00
1.50 c: Distance stretched (mm)

5 1 1.50
5 2 3.25
5 2 2.55
5 2 3.90
5 2 3.85
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D. Separation Force, Treatment Given, and Distance Stretched for each animal in

Protocol I.

Separation
Force8

Treatment11 Distance
Stretched'

Separation
Force

Treatment Distance
Separation

1 3 0.15 5 3 1.15
1 3 0.75 5 3 2.90
1 3 0.60 5 3 2.85
1 3 0.20 5 3 1.65
1 3 0.15 5 3 1.65
1 4 0.30 5 4 1.75
1 4 0.35 5 4 2.25
1 4 0.70 5 4 3.40
2 3 0.35 6 3 1.45
2 3 1.70 6 3 3.60
2 3 1.20 6 3 3.75
2 3 0.55 6 3 2.35
2 3 0.55 6 3 2.50
2 4 0.80 6 4 2.55
2 4 1.25 6 4 3.05
2 4 1.75 6 4 4.10
3 3 0.65 7 3 1.90
3 3 2.30 7 3 4.35
3 3 2.15 7 3 4.35
3 3 1.00 7 3 3.10
3 3 1.00 7 3 3.35
3 4 1.25 7 4 3.30
3 4 1.55 7 4 3.75
3 4 2.60 7 4 4.50
4 3 0.85
4 3 2.55
4 3 2.55
4 3 1.25 a: Separation Force(g) 1 = 50,,2 = 110, 3 =
4 3 1.25 150,4 = 170,5 = 200,6 = 250, 7 = 300.
4 4 1.50 b: Treatment Given; 3 = Controls, 4 =
4 4 1.80 Estradiol/Progesterone
4 4 3.05 c; Distance stretched (mm)
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E. Example of Raw data for Force and k values used for computing the elastic

constant.

Separation
Force(g)

Force
(N)

Change 
in Force

Distance 
Stretched (mm)

Change 
in Length

kl

50 490.5 0 0 0 0 000.0
150 1471.5 981 1.4 1.4 700.7
250 2452.5 981 2.35 0.95 1032.6
300 2943 490.5 2.8 0.45 1090.0
320 3139.2 196.2 3.1 0.3 654.0
340 3335.4 196.2 3.3 0.2 981.0
360 3531.6 196.2 3.5 0.2 981.0
380 3727.8 196.2 3.7 0.2 981.0
400 3924 196.2 3.85 0.15 1308.0
410 4022.1 98.1 4 0.15 0.15 654.0
420 4120.2 98.1 4.15 0.15 654.0
430 4218.3 98.1 4.25 0.1 981.0
440 4316.4 98.1 4.4 0.15 654.0
450 4414.5 98.1 4.6 0.2 490.5
460 4512.6 98.1 4.65 0.05 1962.0
470 4610.7 98.1 4.9 0.25 392.4
480 4708.8 98.1 5 0.1 0.01 981.0
490 4806.9 98.1 5.15 0.15 654.0
500 4905 98.1 5.45 0.3 327.0
510 5003.1 98.1 5.6 0.15 654.0
520 5101.2 98.1 5.6 0 654.0
525 5150.25 49.05 5.65 0.05 981.0
530 5199.3 49.05 5.75 0.1 490.5
540 5297.4 98.1 5.85 0.1 981.0
545 5346.45 49.05 5.85 0 981.0
550 5395.5 49.05 5.9 0.05 981.0


