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Although gender differences in ACL injuries are a fertile ground for research, the 

multitude of previous projects has not led to a decrease in injury rates.  Many researchers have 

investigated anticipated athletic movements, but preplanned movements rarely occur during 

competition.  Therefore, unanticipated movements warrant more investigation.  The purpose of 

this study was to investigate the effects of anticipation on lower extremity kinematics and 

kinetics during movements that are considered high risk for ACL injury.  Fifteen males and 

fifteen females were recruited from undergraduate classes to perform side cuts and crossover 

cuts.  Approach speeds were required to be within the range of 5.0 to 7.0 m/s and cutting angles 

were required to be between 35 degrees and 60 degrees.  Sampling rates for the cameras and 

force plates were set at 240 Hz and 2400 Hz, respectively.  Concerning unplanned movement, 

the hip and knee were abducted during the side cut and adducted during the crossover cut.  For 

the unplanned conditions, the movements were performed using similar frontal plane adduction 

moments at the hip and knee.  When lacking the ability to preplan the maneuvers, a similar 

movement strategy was used.  Thus, participants were unable to accommodate to the unplanned 

movements.  Also, increased hip flexion was revealed during the unanticipated movements.  

Since participants prepared for the unanticipated movements through lowering the center of mass 
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height, accommodation to unplanned movements seems possible in the sagittal plane.  Gender 

differences occurred at the hip as females used less hip abduction to perform the movements.  

Less hip abduction for females is closer to the “position of no return” seen in ACL injuries.  

Although our results confirmed published gender differences, this may have been due a 

combination of the difficulty of the tasks and the relatively low skill of the participants.  

Direction differences occurred as the crossover cut was performed with knee abduction and foot 

pronation while the opposite was true for the side cut.  Furthermore, the crossover cut seemed to 

be performed by utilizing a preceding side cut.  Therefore, the crossover cut seems to be a more 

dangerous movement.  Although accommodation for unplanned movements may occur in the 

sagittal plane, unanticipated cutting movements are performed differently than anticipated 

cutting movements.  Since anticipation can affect the performance of cutting movements, 

incorporation of unanticipated maneuvers should be included in training prevention programs.  

Also, increased development of methods for preventing anticipation is required to more closely 

simulate competition in the lab setting.  
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CHAPTER 1 
INTRODUCTION 

The anterior cruciate ligament (ACL) prevents anterior displacement of the tibia relative to 

the femur and functions in rotational stability of the knee.1-3  In the United States, ACL ruptures 

occur approximately 100,000 times each year 4.  Although primarily occurring in athletic 

populations, women are four to six times more likely to suffer an ACL injury than men when 

playing the same sports.5-8  The passing of Title IX in 1972 led to a dramatic increase of the 

participation of females in high school and college sports. Unfortunately, an increased number of 

ACL injuries accompanied this increase of female participation.9-11   

 The majority of injuries to the ACL occur during noncontact movements.12, 13  High risk 

movements for ACL injury constitute one leg landings, rapid stops, and pivoting movements 

which produce a common position that combines a low knee flexion angle with knee valgus and 

internal rotation of a planted leg.12, 14  This is classified as the “position of no return” for an ACL 

injury.15, 16  In this position, the muscles that normally provide absorption of forces can not 

function properly due to a mechanical disadvantage, which leads to a greater predisposition for 

injury.   

Due to the prevalence of injury and potential long term disability, prevention of ACL 

injury is a main concern of clinicians and scientists.  Therefore, many potentially predisposing 

factors for ACL injury have been identified and researched.  These factors are classified as 

anatomical, environmental, hormonal, and neuromuscular.4  Anatomical factors tend to be 

immutable without surgical intervention.  Environmental factors affect both genders and are 

difficult to separate their specific risk due to their intimate interrelatedness.  Hormonal factors 

represent a potentially rich source of research due to the drastic gender differences in serum 

concentration levels of specific hormones.  However, results have proven to be inconclusive due 
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to the conflicting nature of many experiments.  Neuromuscular factors consist of altered 

movement patterns, altered muscle activation patterns, inadequate muscle stiffness, and 

decreased muscle strength.  With proper training neuromuscular factors tend to be modifiable.17 

Although no single factor represents the solitary cause of the alarming rate of female ACL 

injuries, focusing on the investigation of neuromuscular factors is rational due to their modifiable 

nature with proper training,    

  Gender differences in kinetics, kinematics, and muscle activation patterns have been 

documented during high risk movements.4, 18  Female athletes tend to perform high risk 

maneuvers with less knee and hip flexion, increased knee valgus angles, and ankle eversion.12, 14  

However, many of these differences were observed during laboratory studies utilizing 

preplanned maneuvers.  In order to gain an improved understanding of the kinematics and 

kinetics imposed on the lower extremity during competition, a more realistic comparison is 

required that employs unanticipated movements.  Furthermore, kinetics and kinematics of the 

knee were predominantly examined during these studies.  Therefore, the purpose of this study is 

to investigate the influence of gender and a voluntary reaction component on the lower extremity 

during running, side step cutting, and crossover cutting.  Results from this research may be used 

to improve ACL injury prevention programs in order to reduce female injury rates more similar 

to the level of the injury rates of males.   
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CHAPTER 2 
LITERATURE REVIEW 

General Introduction 

Injury to the anterior cruciate ligament (ACL) represents one of the most severely 

devastating injuries in sports.19  Although occurring infrequently in the general population, one 

in 3000 individuals sustains an ACL injury per year in the United States with half of ACL 

injuries suffered by young athletes 15 to 25 years old.5, 6  However, women are four to six times 

more likely to suffer an ACL injury than men when playing the same sports.7, 8  With the passing 

of Title IX in 1972, a dramatic increase in ACL injuries followed the increased participation of 

females in high school and college sports.9, 11, 20   

 Prevention of ACL injury is a main concern of clinicians and scientists due to the 

financial cost, prevalence of injury, severity, and potential long term disability.  Each injury can 

cost between $17,000 to $25,000 for surgery and rehabilitation.17  In the U. S., the annual cost 

for the treatment of ACL injury totals over $1.5 billion.4, 11  Of this total, $646 million is for 

ACL repair in high school and college female athletes.6, 21  In addition, nearly 2/3 of patients who 

tear their ACL suffer from menisci damage and injury to articular surfaces.22  However, the 

psychological costs that come from potential long-term disability and significantly greater risk of 

osteoarthritis are harder to measure monetarily and can be more harmful.23 

 Due to the severity of the injury and the elusiveness of attenuating injury rates, vast 

resources have been utilized to investigate a plethora of research topics influencing ACL injury 

rates.  Upon delving into the complex factors that influence ACL injury rates, one quickly 

recognizes the closely intermingled nature of the different aspects.  Although this project is 

primarily focused on neuromuscular factors, the following literature review explores many 

pertinent topics to give an overall understanding of the published research.  An integral element 
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of understanding what movements place the ACL in danger is the interaction of the muscles, 

bones, tendons, and ligaments of the knee.  These topics are reviewed during the anatomy 

portion of the review.  During normal movement, forces can be absorbed by all of the knee 

anatomy.  However, high risk movements place the ACL under greater forces.24  These 

movements are noted during the mechanism of injury portion of this review.  Although high risk 

movements place the ACL under greater forces, anatomical factors can influence knee alignment 

and may predispose individual to be more susceptible to suffer an ACL injury.  These factors are 

explored in the anatomical factors portion of the review.  Also, hormone levels influence the 

ability of the passive components of the joints to absorb forces.  The effect of hormone levels on 

joint laxity is documented in the hormonal factors section.  In addition, factors that influence the 

amount of force absorbed by the body during movements are explored in the environmental 

factors segment.  During high risk movements, the alignment of the knee may be placed in a 

position preventing adequate force absorption by the muscles.  Also, fatigue can influence lower 

extremity alignment, force production, and force absorption.  Therefore, lower extremity 

alignment and control is important during all levels of fatigue.  These topics and the impact of 

prevention programs are explored in the section on neuromuscular factors.   

Anatomy 

  A prerequisite to understanding the complex interaction of factors influencing ACL tears 

is knowledge of the anatomical characteristics of the knee and its surrounding musculature.  

Considered the largest joint in the body, the knee has two articulations: the tibial-femoral joint 

and the patellofemoral joint.  Ligaments, muscles, compressive forces, and joint geometry 

contribute to the stability of the knee.  Therefore, the knee is susceptible to injury due to 

dependence on these soft tissues for stability.25  The ACL is an important ligament of the knee 

that is the primary restraint to anterior translation of the tibia and the main stabilizer of the knee.2   
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The ACL absorbs 85% to 90% of anterior displacement forces.1, 2  In addition, the ACL is an 

important factor in rotational stability of the knee and opposes internal rotation of the tibia.3, 26  

Therefore, it is the main stabilizer of the knee during pivotal activities and also prevents 

hyperextension.1, 27 

Although the ACL is considered one ligament, Girgis et al.1 noted that it is composed of 

two bundles: the anteromedial bundle (AMB), and the posterolateral (PLB).  Others have 

described the ACL as having an additional bundle: the intermediate bundle.3, 28  Originating at 

the posterior portion of the lateral femoral condyle, the ACL inserts to a fossa positioned 

laterally and anteriorally to the medial tibial spine.29  The relative location of the bundles with 

respect to each other depends upon the knee flexion angle.30  Also, the ACL is sturdier and 

broader near the femur.1   

Regardless, the bundles cooperate to stabilize the knee during movement, but tension is not 

distributed uniformly.31  Also, during flexion and extension the bundles are not of a uniform 

length.  According to Hollis et al.32, the AMB lengthens and tightens in flexion, while the PLB 

shortens and becomes relaxed.  During extension, the PLB becomes taut, while the AMB is 

slack.3  When the knee is fully extended, the AMB is significantly longer than the PLB at an 

average of 34 mm and 22.5 mm, respectively.29  According to Amis and Dawkins3, the AMB is 

the major antagonist to anterior translation during flexion, and the PMB performs the same 

function during extension.  During internal and external rotation, the PMB becomes stiff.30  

Interestingly, single ligament reconstruction imitates the anatomy only of the AMB, and may not 

restore normal resistance to tibial rotation.33  The narrowest portion of the ACL is the 

midsubstance, which can be 3.5 times smaller than the points of origin and insertion.34  However, 
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Chhabra et al.30 state the most common rupture of the AMB occurs at the femoral insertion site, 

but the PMB may rupture at the tibial or femoral insertion site or midsubstance.  

 Any alteration in a segment of the lower extremity affects the kinetics and kinematics at 

all joints.35  Therefore, ACL injury rates are influenced by movement at the ankle and hip.36, 37 

The ankle is composed of two separate hinge joints: the talocrural and the subtalar.38 

Plantarflexion and dorsiflexion occur at the talocrural joint, while pronation and supination occur 

at the subtalar joint.25, 39  Motion of the foot can influence movement of the knee.40  During 

stance, ground reaction forces are absorbed by the foot and ankle and transfer loads to the knee.37  

Also, tibial internal rotation and foot eversion are coupled by the ankle.41  In women, knee 

injuries directly correlate with rear foot pronation.42  Dynamic valgus at the knee, the dangerous 

position that characterizes many ACL noncontact injuries, is marked by ankle eversion.35  

Therefore, ankle eversion and inversion angles are important to identify individuals at an 

increased risk for ACL injury.35     

Mechanism of Injury 

 Injury to the ACL occurs predominantly without contact during single limb support 

ranging from initial contact to peak knee flexion.36  Noncontact mechanisms are responsible for 

70% of ACL injuries.12, 13  Although a consensus exists within the literature about the occurrence 

of contact or lack of contact during an ACL injury, the definition of a noncontact ACL injury 

differs among researchers.  A noncontact injury occurs when there is an absence of player to 

player contact.  A contact injury occurs when an injury to the ACL is preceded by a direct blow 

to the knee.  However, ACL injuries occur during body to body contact with an opposing player, 

but the contact did not involve a direct blow to the knee.  Hewett et al.10 defined this type of 

injury to be a noncontact ACL injury with perturbation.  Due to the broad nature of this 

definition, these injuries are difficult to classify.  However, other players can influence the 
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movements of an individual during the game and in controlled settings without contacting the 

injured player.42, 43 

In general, noncontact injuries to the ACL entail one of three categories: planting and 

cutting, straight knee landings, and rapid, one leg stops.12, 21  All of the previous movements 

produce a common position that occurs with the knee near full extension during landing, 

planting, or stopping.12, 14  This position includes a flexed and rotated lower back, adduction and 

internal rotation of the hip, flexion and valgus positioning at the knee, external tibial rotation, 

and a planted foot.  Also, a loss of control of the opposite foot often occurs. In this position, the 

muscles that would normally help the athlete remain erect cannot function properly because they 

are working at a mechanical disadvantage, which leads to a greater predisposition for injury.  

This is known as the “position of no return” for an ACL injury.15, 16  This body position has been 

corroborated using video analysis of the orientation of the body.14, 43  However, these studies 

have also revealed the difficulty of elucidating an accurate representation of the mechanism.  In 

addition, gender differences exist in movement patterns during everyday activities like 

walking.36 

Predisposing Factors for Injury 

Potentially predisposing factors for ACL injury have been classified as anatomical, 

environmental, hormonal, and neuromuscular.4  Anatomical factors associated with an increased 

risk of ACL injury include separate measures of anatomical alignment, ACL size and shape, and 

body mass index (BMI).  Unfortunately, the majority of these factors are mostly immutable 

without surgery.  Environmental factors comprise meteorological conditions, shoe-surface 

interaction, and knee braces.  Although environmental factors tend to be modifiable, more 

research is needed in order to clarify discrepancies.  Also, interventions for environmental 

factors may lower the overall ACL injury rate without a decrease in the difference in the ratio of 
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female ACL tears to ACL tears in men.  Next, hormonal factors include the effects that 

hormones have on knee laxity, muscle function, and strength of tendons and ligaments.  

Although hormonal factors potentially represent a huge forward leap in prevention of ACL 

injuries, previous research conflicts in linking specific periods of the menstrual cycle to increases 

in ACL injury.   Finally, neuromuscular factors consist of altered movement patterns, altered 

muscle activation patterns, inadequate muscle stiffness, and decreased muscle strength.  With 

proper training neuromuscular factors tend to be modifiable.17  Although no single factor 

represents the solitary cause of the alarming rate ACL injuries to women, neuromuscular factors 

tend to be amendable with proper training.  Therefore, the concentration of time and resources 

towards their investigation seems logical.   

Anatomical Factors 

Anatomical factors associated with ACL injury are misalignment of the lower extremity, a 

narrowed intercondylar notch, physiological laxity, increased Q angle, increased pelvic width, 

tibial rotation, and BMI.  Although anatomical factors appear to have an impact on ACL injury, 

anatomical factors characterize the hardest factors to amend when compared to the other groups.  

Of the anatomical factors BMI represents the most potential for modification, but the evidence 

has been conflicting.  Some researchers contend that a high BMI correlates with an increased risk 

of ACL injury.44  However, Ostenberg and Roos45 were unable draw conclusions about the 

relationship between BMI and ACL injury due to the small percentage of ACL injuries in their 

sample.  Logically, an increase in body mass increases forces during landing. 

 Q angle, the angle formed between the lines that link the anterior superior iliac spine and 

the midpoint of the patella and the line connecting the tibial tubercle with the midpoint of the 

patella, can cause a more valgus knee position.  Larger Q angles increase the knee valgus angle 

and place increased medial stress on the knee from the quadriceps femoris muscle.22, 46  Normal 
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ranges for Q angles are approximately 8° to 17° during full extension with women consistently 

having higher Q angles than men.47-51   Female college basketball players had larger Q angles 

than male college basketball players.52  Shambaugh et al.46 reported that recreational basketball 

players who injured their knees had a higher Q angle than uninjured players.  However, Q angle 

was not a significant predictor of injury during dynamic movement.53  Also, significant 

correlations do not exist between Q angle and peak knee valgus during stance phase.54 

 Numerous studies have been performed to elucidate a relationship between ACL injury 

and femoral notch size and shape.  The notch width index (NWI) measures the width of the 

anterior outlet of the notch divided by the total notch width at the level of the popliteal groove.  

Logically, a narrower notch would lead to a smaller ACL unable to tolerate loads as well as a 

larger one.55  Andersen confirmed that ACL size correlates with the NWI.56  However, results 

from research investigating a relationship between ACL size and injury rates has conflicted.28, 56-

58  The notch width of a unilateral ACL injured knee was smaller than a sized matched uninjured 

control group.7  Also, females have a smaller sized ACL when compared to males in general and 

when matched to males of a similar height.57, 59  However, Fayad et al.60 found no gender 

differences when adjusted by body height.  Also, Anderson et al.56 found no gender differences 

of the NWI.  Other measures that investigate the dimensions of the intercondylar notch include 

the notch shape index (NSI) and the notch area index (NAI).61  When comparing all three of the 

intercondylar notch measures, the NSI was the only measure to display significant gender 

differences with males displaying a larger NSI.61  Although evidence for a causal relationship is 

lacking for ACL injury and femoral notch dimension, an association may exist.   

 Women tend to have more joint laxity than men.12, 62  However, joint laxity has not been 

directly correlated with ACL injury.  Nicholas63 showed that male football players who were 
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categorized as having increased looseness were more susceptible to knee ligament rupture.  

However, a subsequent study did not support Nicholas’ results.64  Woodford-Rogers et al.65 

showed that ACL injured athletes had a greater knee joint laxity than healthy controls.  In a 

prospective study, knee laxity correlated with ACL injury.66  Also, female athletes resisted knee 

rotation less effectively than male athletes.67-69  In a study by Huston and Wojtys70, knee laxity of 

Division I male and female athletes was compared to the knee laxity of recreational male and 

female athletes.  Although the Division I female athletes showed more knee laxity than their 

male counterparts, they did not show more knee laxity than the recreational male or female 

athletes.70  Perhaps the decreased laxity was a result of training performed by the female athletes.  

The passive and active structures that span the knee joint can potentially contribute to the 

stiffness resisting tibial displacement by increasing joint contact force, decreasing tibiofemoral 

displacement, and lowering the force sustained by the ACL.6, 69  Also, Chandrashekar et al.71 

reported a striking development by indicating that the structural qualities of the female ACL are 

not only based on size but can be attributed to gender differences in resisting mechanical stress 

and strain. 

 Frequently linked to knee injury, excessive subtalar pronation may be a factor in ACL 

injury.72  During ground based movement, the foot and the lower leg shift in relation to each 

other.  During pronation of the foot, an internal rotation of the tibia takes place.40  As a restraint 

to rotation, this position may place the ACL in a hazardous position.  Navicular drop, the 

distance traveled by the navicular tuberosity upon transitioning from seated to standing, has been 

employed as a gauge for foot pronation.73, 74  Also, navicular drop may be used to predict anterior 

translation of the tibia.75  Excessive navicular drop has been documented in ACL injured athletes 

when compared to uninjured participants.65, 74  However, an association between excessive 
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navicular drop in ACL injured athletes of both genders was not found when compared to 

uninjured athletes.76   

Environmental Factors 

Environmental factors include playing surface type, meteorological conditions, footwear 

type, and ground hardness.  Outdoor sports produce a greater number of injuries during the dry 

part of the season when the ground surface is warmer, drier, and harder.77, 78  Increase in water 

evaporation and decreases in rain fall produce such a setting.79  The impact of drier conditions on 

injury rates has been corroborated in many sports and countries.  In Holland, children suffered 

from increased and more severe injuries in spring than in the winter.80  Over the last decade in 

Australia, warmer climate teams have had a greater injury incidence than the teams based in a 

colder climate.78  In addition, a dry season bias was shown for increased ACL injury rates in 

open stadiums with AstroTurf, but not in closed stadiums containing AstroTurf.78 

Other factors that influence the coefficient of friction are cleat number and location and 

type of playing surface.  Longer cleats on the peripheral of the shoe sole with shorter spikes on 

the interior were worn during more ACL injuries in a three year span than three other cleat types.  

The more dangerous cleat design produced greater traction on artificial and natural turf.81  In 

regards to playing surface, there was no statistically significant difference between the overall 

incidence rate of ACL injury and surface type when comparing natural grass to turf.78, 82-84  

However, an increased risk of injury exists when comparing artificial indoor floors to wooden 

floors.14   

Although the previous studies provided solid evidence for environmental factors having an 

effect on ACL injury, there are some potential limitations.  Due to environmental factors being 

so closely related, there is a possibility of confounding errors between known factors in addition 

to previously unforeseen factors.  The connection among ground hardness, shoe-surface 
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interaction, and meteorological conditions may cause difficulty when trying to distinguish among 

them.85  In addition, the firmness of playing surface can be inconsistent throughout the season 

due to disparate levels of rainfall.78  Also, previous researchers have not investigated the 

variability through the season of shoe and spike selection, overall game speed, or the influence of 

player position on injury rates.   

Although environmental factors tend to be modifiable to an extent, more research is needed 

in order to clarify some discrepancies.  However, Orchard78 asserts an important appraisal of 

altering environmental conditions. Athletes may resist a manipulation of environmental factors 

for preventative reasons because a decrease in sports performance may result.  Athletes and fans 

may not be willing to decrease the injury rate due to a possible decrease in performance.  

Although an intervention that potentially decreases the risk of injury at the detriment of 

performance may not be practical for professional sports, such an intervention could be a boon 

for amateur and recreational sports because it is so easily modifiable.  However, Girard et al.86 

showed a decrease in friction between shoe and surface will reduce acute injuries, but will 

produce greater “muscle strains/spasms.”   More research is needed to investigate the precise 

coefficient of friction for each sport and, if possible, each individual.   

Further confounding the problem of environmental factors is the influence of competition 

level on injury rates.  Overall injury rates are increased during competition compared to 

practice.87, 88  Similarly, ACL injuries occurred more often in handball games compared to 

handball practices.89  An increase of injuries during competition when compared to practice 

could be explained by a greater motivation and desire to succeed during competitions.   

Hormonal Factors 

Comprised of three divisions, the standard menstrual cycle lasts 28 days.  During days 1-9, 

follicular phase comprises the first day of menses until ovulation.11  Marked by low 
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concentrations of progesterone and estrogen, an increase in estrogen and leutinizing hormone 

brings about the ovulatory phase.90  This phase is usually around 10-14 days past menses during 

which estrogen reaches peak secretion.  During the luteal phase, comprising days 15-28, 

progesterone reaches peak concentration.91   Also, relaxin levels rise during the follicular and 

luteal phases.92  In addition, testosterone levels fluctuate with the menstrual cycle.93   

The hormones of the menstrual cycle are capable of affecting many facets of performance.  

Ovarian hormones such as estrogen, progesterone, and relaxin modify joint laxity and affect the 

neuromuscular system.94-96  According to Sarwar et al.97, estrogen levels significantly affect 

muscle function, tendon, and ligament strength.  In addition, decreases in VO2max and motor 

skills have been found during the luteal phase.98, 99  Slauterbeck et al.100 showed that the tensile 

properties of rabbit ACL were reduced when estrogen was introduced.  However, the reliability 

of studies involving animals that are not primates is questionable due to not undergoing a 

menstrual cycle.101  Furthermore, receptor sites for estrogen and progesterone are present on 

human ACL.102, 103  This finding lends support to the supposition that tensile properties of the 

ACL are influenced by female sex hormones.   

 Due to the preceding potential harmful effects, the link between hormonal fluctuations 

and ACL injury during the menstrual cycle represents a rich source of interest for research.  Due 

to fluctuations in serum concentrations of female sex hormones, researchers have hypothesized 

that a specific phase of the menstrual cycle would coincide with an increased risk of injury in 

female athletes.  Although plausible that the risk of an ACL injury occurring varies throughout 

the cycle, evidence has been conflicting.  The follicular phase was reported to be the phase when 

female athletes were most at risk of suffering an ACL tear.7, 100  Also, the ovulatory phase was 
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reported to have an increased risk of injury.104-106  Conversely, evidence for the ovulatory phase 

having fewer injuries has been published.7, 89 

 Previous research had some limitations.  First, some studies relied on self-reported 

questionnaires to determine the phase of the menstrual cycle of the participants.  The reliability 

of questionnaires is uncertain at best.  Questionnaires were reported to be unreliable when 

compared to urine assays.105  Also, the validity of serum or saliva testing is controversial.100, 107  

Second, pinpointing the exact date of laxity due to oscillating hormone levels is difficult due to 

the possibility of measurable changes in joint laxity arising several days after changes in 

hormone levels.93  Next, many studies are based on the cycle lasting the standard 28 days, but 

cycles can last from 25 to 35 days.108  Finally, some of the participants were taking oral 

contraceptives.  This would give a much different hormone profile than participants who were 

not ingesting oral contraceptives.90  Furthermore, athletes who are taking oral contraceptives 

have a lower overall injury rate and a decreased risk of ACL injury.105, 109  

Neuromuscular Factors  

Representing the most modifiable of the factors influencing ACL injury, neuromuscular 

factors include altered movement and recruitment patterns employed during activity.  For the 

majority of neuromuscular factors, improvement to a more secure pattern of movement seems 

plausible.  However, many studies performed to elucidate differences in movement and 

recruitment patterns have occurred in a controlled laboratory setting.  Although controlled 

laboratory research is necessary to further advance the knowledge base of the prevention of ACL 

injuries, the limitations inherent to this form of research prevent our understanding of the role of 

interaction that different factors play by treating each factor as a discrete entity.  Although the 

continued accumulation of advanced research further aids in clarifying the association between 

neuromuscular factors and injury rates, further research encompassing a more holistic and 
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prospective nature should be undertaken.  Furthermore, these factors exist on a continuum and 

vary between genders and within each gender.  Therefore, researchers should not assume that the 

average movement strategy for males is a successful strategy for avoiding ACL injury.  How 

complex factor interactions affect at risk individuals of both genders must be better understood if 

the risk of ACL injury is ever to decrease.   

Several potentially dangerous movement imbalances such as leg dominance, ligament 

dominance, and quadriceps dominance are frequently observed in female athletes.  These 

imbalances may lead to a decreased neuromuscular control of the joint and stress the passive 

ligament structures, exceeding the failure strength of the ligament.  Leg dominance is classified 

by significant strength and flexibility differences between legs.  Potentially dangerous to both 

legs, the nondominant leg is unable to absorb potentially hazardous forces to the knee.  

Furthermore, a greater dependence on the dominant leg to absorb the forces of movement may 

produce excessive damage.  Female athletes have significant differences in contralateral leg 

strength and flexibility.110, 111  Athletes with significant strength and flexibility imbalances 

between legs incurred higher injury rates.112  In a prospective study, athletes who suffered an 

ACL injury had a dominant knee abduction moment 6.4 times greater than the nondominant 

leg.21 

Quadriceps dominance is exemplified by an imbalance between the quadriceps and 

hamstring strength, recruitment, and coordination.  The hamstrings, an ACL agonist, are most 

influential at 15° and 30° of knee flexion.113  The quadriceps, an ACL antagonist, is capable of 

loading the ACL throughout the entire range of motion.114  However, quadriceps activity 

decreases with increased hip flexion.  Others have reported that the highest strain of the ACL 

produced by quadriceps contraction occurs at 15° of knee flexion.113, 115  Also, the hamstring is 
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unable to aid the ACL in preventing anterior translation of the tibia at low knee flexion angles.116  

Females recruit their hamstrings less effectively at knee flexion angles between 15° and 25° 

when compared to males.117  This supports the assertion that noncontact ACL injuries are likely 

to occur with the knee near full extension.   

Contraction of the quadriceps without cocontraction of the hamstrings can lead to greater 

loads on the ACL.  An eccentric quadriceps contraction can generate up to 6000 newtons (N).118  

This far exceeds the tensile strength of the ACL at 2100 N.119  When these forces are coupled 

with tibial rotation, an impingement of the ACL in the femoral notch could result.120 Other 

factors also contribute to an increased rate of injury of women.  Female athletes are predisposed 

to an increased extensor moment about the knee.70  Hewett et al.110 reported a peak knee flexion 

moment that was three times greater in male athletes compared to females.  During running and 

cutting movements, women tend to recruit the quadriceps more and the hamstrings less while 

utilizing a decreased knee flexion.121, 122  Also, the ratio of the strength of flexion to the strength 

of extension (H/Q ratio) has been found to influence injury rates.  Women have less quadriceps 

and hamstring strength after normalizing for body weight.123, 124  Also, co-contraction of the 

muscles surrounding the knee was more effective in protecting the ligaments in males than in 

females.125   

Recently, the gastrocnemius has been recognized as an antagonist to the ACL.  The 

gastrocnemius is capable of loading the ACL at decreased knee flexion angles.  Fleming et al.126 

documented a significantly increased loading of the ACL by the gastrocnemius at knee flexion 

angles of 5° and 15° when compared to knee flexion angles of 30° and 45°.  O’Connor127 

postulated that a cocontraction of the quadriceps and gastrocnemius produces an increased 

loading of the ACL during movements performed utilizing low knee flexion angles.  This was 
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confirmed by Fleming et al.,126 who reported that a cocontraction of the gastrocnemius and 

quadriceps produced more loading on the ACL than the addition of separate contractions.  

Similar to quadriceps loading, the hamstring proved an adequate agonist to gastrocnemius 

loading of the ACL at knee flexion angles of 30° and 45°.126 

As was stated previously, most injuries to the ACL fall under one of three categories: 

pivoting, landings with an erect posture, and rapid decelerations.  During landing from a jump, 

ground reaction forces (GRF) can be three to 14 times body weight.128  Minimizing GRF is vital 

to ACL injury prevention due to ACL strain peaking at the maximum GRF.129  Increased GRF 

correlated with an increased anterior shear force and greater knee abduction torques.21, 130  

During a jump landing, decreased degrees of knee flexion angle are associated with increased 

GRF.  Therefore, decreasing landing GRF would translate to a decrease in forces at the joints of 

the lower extremity.  A plethora of research documenting gender differences during jump 

landings exists.  Women tend to land with a greater extension of the knee and hip when 

compared to men.49, 131, 132  In addition, female athletes display an increased valgus angle at 

ground contact when compared to men. 111, 123, 133, 134  

Athletes with high valgus moments at the knee have been referred to as being ligament 

dominant.135  During high risk movements, the forces of movement represent greater loads than 

the musculature of the athlete can safely absorb.  Therefore, the knee ligaments are utilized to 

absorb landing forces rather than the surrounding musculature.  This tends to increase valgus 

knee moment and GRF through an increase of medial knee motion.111  According to Dugan,136 

ligament dominance is characterized by “the inability of the leg musculature to control motion 

results in high strains across the ACL as it acts to limit valgus force.”  This can lead to the 

previously mentioned “position of no return.”  Female athletes tend to suffer from this imbalance 
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at a greater rate than their male counterparts.110, 111, 137  This is important because a valgus load of 

5° on the ACL can produce up to 6 times the force of the knee in normal alignment.138  

Furthermore, an increased knee valgus can predict individuals who are more susceptible to ACL 

injury.21  However, Fagenbaum et al.139 reported that women landed with 10 ° to 14 ° greater 

knee flexion than men.  However, the authors stated this could be from the small sample being 

comprised of varsity basketball players who were instructed in correct landing technique.  Urabe 

et al.117 reported no significant differences in knee flexion angle between genders during a one 

leg landing from a maximum vertical jump, but did find that female athletes recruited their 

quadriceps more than male athletes.  This can lead to a greater net extensor torque at the knee.   

Presently, investigations of the effect of ankle kinetics and kinematics on ACL injury rates 

are becoming more prevalent.  However, results conflict due to differences in the investigated 

task.  During a jump stop and cut movement, females displayed a greater amount of peak ankle 

eversion.35, 140  Also, females have produced a greater range of movement at the ankle, which 

may act as a different program for force absorption.35, 141  During jump landings, females have 

shown greater peak dorsiflexion, peak pronation, and greater plantarflexion at initial contact.133, 

142  During side step cutting, females showed increased peak pronation angles at the ankle and 

more inversion throughout stance.42, 143  Results from other studies have produced no differences 

at the ankle between genders.132, 144 

 Similarly, movement at the hip influences control of the knee.145, 146  Hip adduction 

positively correlated with knee abduction angles in women, which places the athlete in a 

potentially dangerous position for ACL injuries.21  During drop landings, females landed with a 

decreased peak hip flexion angle.132  This places females in a more erect posture during landing 

that can place more stress on the ACL as the hamstrings are unable to more effectively prevent 
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loading.  Conversely, similarities to males have also been documented as no differences in peak 

hip flexion angle, peak hip extension moments, or EMG activation levels were produced.133, 147  

Although results may have been affected by the training level of each sample, the previously 

reported differences occurred during studies using samples composed of Division I athletes.   

Other athletic movements implicated for producing high risk motions include running, side 

cutting, and crossover cutting.  During running, female recreational athletes had greater internal 

rotation and greater adduction of the hip when compared to male recreational athletes.148, 149  

During a cutting maneuver, female recreational athletes produced decreased hip flexion and 

increased hip adduction when compared to male recreational athletes.42  Similarly, Division I 

soccer athletes produced greater internal rotation angles and decreased flexion angles at the hip 

and increased adduction moment, decreased extension moment and internal rotation moment at 

the hip.145, 150  Displaying such potentially dangerous positions is troubling due to these 

movements occurring in experienced athletes. Conversely, a random cutting trial displayed a 

decrease in peak hip adduction compared to their male counterparts during early stance phase.151  

Although there was no anticipated condition upon which to compare these results, the results are 

surprising due to the unanticipated movement more closely resembling the conditions of 

competition.   

Maturation influences overall injury rates in females.152  Preceding puberty, boys and girls 

have similar neuromuscular characteristics as both genders perform landing in a safe manner.153  

However, maturation results in a divergence of performance between the genders differently.  In 

boys maturation produces increases in strength and vertical jump height, but females lacked 

similar performance increases.153-155  Similarly, the maturation of boys produced a valgus motion 

at the knee during a jump landing, but with maturation females displayed knee valgus during a 
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jump landing.130  Similarly, prepubescent females landed with an increased knee flexion from a 

drop jump when compared to female adults.156  Hewett et al.153 postulates that the maturation of 

girls is not accompanied by a “neuromuscular spurt” which has been documented during the 

maturation of boys.  Due to lacking this spurt, neuromuscular training represents a vital role in 

the injury prevention plan for females.   

Neuromuscular training is a promising endeavor that has displayed a great potential to 

decrease the risk of ACL injury due to the possible modification of neuromuscular control during 

high risk athletic maneuvers.  Of the published studies, the effectiveness of the prevention 

program is assessed through monitoring injury rates for a specific amount of time or through 

changing biomechanical measurements. Therefore, changes in many neuromuscular measures 

and decreased injury rates have been documented utilizing protocols of varying forms and 

durations.  Focus on improvement of movement with a more neutral lower extremity alignment 

and softer landings are the cornerstones of many successful programs.  Other components of 

successful programs include stretching, resistance training, and plyometrics.  Studies that 

included stretching, strengthening, plyometrics and agility training were consistently able to 

decrease injuries in the intervention groups.124, 157, 158  Also, decreases in knee varus and valgus, 

increasing the H/Q ratio, increased hip abduction, and decreased hip internal rotation were also 

produced.110, 159, 160  A six week intervention of strength training involving medicine balls and 

core strengthening with college athletes decreased peak knee flexion angle and at initial contact 

during a drop jump.161  Interestingly, this protocol showed a trend towards increasing knee 

valgus and internal rotation at initial contact.  Although not statistically significant, this 

development is troubling as valgus and internal rotation of the knee being motions the program 

was attempting to decrease.  An intervention program using weight training and balance training 
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on a BOSU ball decreased peak knee frontal angles during the performance of a high risk 

maneuver.162   

 Although few examples of ineffective training programs exist, some protocols were 

unable to decrease injury rates or improve biomechanical variables.  Herman et al.163 utilized 

elastic band training during single joint movements and did not alter the kinetics of an athletic 

movement.   The protocol may have proven ineffective due to a lack of carryover from training 

single joint open kinetic chain movements to a multiple joint close kinetic chain movement.  

Wobble board and balance mat training did not elicit significant changes in hip and knee angles 

during cutting and landing movements.164  Similarly, wobble board training and landing 

technique training did not decrease injuries.62, 165  However, one study incurred a 37% decrease 

in sample size due to decreased participation.62  Heidt et al.166 utilized a customized exercise 

protocol that did not decrease ACL injuries.  However, the specific protocol used in the 

intervention program was not documented in the article.166   

Although results look promising, there have been several limitations.  When a specific 

category of training such as balance or core training was unable to produce a decrease in ACL 

injury or a measurable alteration in biomechanical variables, the entire category of training need 

not be discounted.  The reason for unsatisfactory results more likely originates with the 

researcher’s specific application of training within the category.  Therefore, the entire training 

category does not warrant a dismissal.  Similarly, the mode of training was provided without 

specifics details.  Since each category of training contains multiple facets, more descriptive 

measures of each category are needed to advance thinking and research.  For example, weight 

training was included in many studies.  Yet, lifting with a low intensity and high volume 

provides vastly different adaptations than lifting with a high intensity at a low volume.  
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Furthermore, many studies applied a diverse training protocol composed of many methods.  

Though a variety of methods intuitively seems the best option for a prevention program, training 

diversity provides confounding factors due to being unable to separate specific causes and effects 

of a certain modality.  On the other hand, the reason that training results have been positive may 

be due to the decreased baseline of conditioning seen in female athletes.167  Due to such a low 

level of preparation, any intervention would produce positive results.  Also, a limiting factor of 

some prospective studies is the sample size.124, 158, 168  Although significant differences were 

found between the intervention and control groups, no noncontact ACL injuries were 

documented in one study.124  Therefore, sample sizes in future studies should be increased to 

gain a more accurate assessment.  In addition, the measurement upon which prospective studies 

are based is athlete exposures.  However, variations exist in measuring exposures as some factor 

in the number of hours of participation and others count each practice or game as one exposure 

regardless of time engaging in actual participation.  Therefore, study comparisons are difficult to 

make. 

Fatigue, a reduction in performance due to exercise, may adversely modify neuromuscular 

control of the lower extremity and decrease the ability of soft tissue to stabilize joints.169  

Evidence of fatigue affecting the body’s ability to control movement is produced by injuries 

occurring more frequently during latter stages of periods during games and more frequently in 

the second half compared to the first half.87  Fatigue stems from multiple sources and can be 

characterized as peripheral fatigue or central fatigue.169  Peripheral fatigue occurs at or distal to 

the neuromuscular junction or sarcolemma.  Also, peripheral fatigue may be characterized by 

occurring during electrochemical coupling, cross-bridge release during ATP hydrolysis, or from 

lacking nutrients.  Central fatigue occurs when the body is unable to voluntarily activate motor 
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neurons.169  Previously, many local fatigue models involving mainly one muscle group were 

employed.170-173  However, more general fatigue models have been employed in order to more 

closely simulate realistic sports situations through the production of fatigue at the local and 

central level.174  Therefore, contrasting results from studies may be attributable to dissimilar 

fatigue protocols and analysis of different movements.175, 176   

Local and general fatigue protocols differ with the type of fatigue elicited.  Local programs 

produce peripheral fatigue and general protocols produce peripheral and central fatigue.169  The 

use of local fatigue protocols have been shown to demonstrate a decrease in proprioception of 

the knee, delayed muscle response, and decreased isokinetic torque of the knee flexors, and 

decrease in the ability of the muscle to absorb energy.170-173  General fatigue programs have been 

shown to decrease peak isokinetic strength of the knee extensors and flexors, decrease the ability 

of the muscle to absorb energy, and decrease mental performance.173, 177, 178  The influence of 

general fatigue on high risk movements such as landing and cutting have been investigated.  

Fatigue influences the lower extremity during high risk movements through increasing hip 

internal rotation, decreasing hip flexion angles, increased knee abduction and internal rotation, 

and increased external rotation of the ankle.176, 179, 180  Conversely, fatigue did not influence knee 

varus/valgus angles in men or women.179  Also, a lack of eccentric control of the hip and knee 

was noticed.  Eccentric control is very important during sudden direction changes to insure 

safety during movements.171   

Gender differences exist in the techniques used to plant and change direction.  A side cut 

involves planting the foot opposite the direction of movement, while a crossover cut involves 

planting the foot on the same side of the new direction of movement.181  These dangerous 

movements double knee valgus moments when compared to running.24  Female athletes perform 
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cutting maneuvers with a decreased knee flexion angle which may prevent the agonistic 

hamstrings from protecting the ACL.42, 121, 182 Also, women tend to increase knee valgus angles 

during a cutting maneuver.35, 42, 121, 183  However, the tasks performed during the previous studies 

were preplanned and may not accurately represent measurement of the kinetics and kinematics 

utilized during competition.184  During competition, cutting maneuvers are not preplanned and 

can be performed at 5.0 to 7.0 meters per second.185 

Recognizing the limitations of extrapolating results from anticipated movements during 

controlled laboratory studies to competition situations, researchers have identified the need for 

gender comparisons during experiments that more closely simulate game conditions.  McLean et 

al.42 compared side cutting with and without a defensive opponent.  The addition of a defensive 

opponent caused females to utilize a more erect posture, a greater knee valgus, and increased 

foot pronation.  Under unanticipated conditions, Ford et al.111 reported that females had greater 

knee abduction at initial contact and greater ankle eversion and inversion during a cutting 

maneuver.  Under similar conditions, Pollard et al.151 reported significant gender differences in 

peak hip abduction over the first 40° of knee flexion during unanticipated cutting maneuvers.  

However, no gender differences in kinetics or kinematics of the knee were reported.  Also, the 

two previous studies lacked a preplanned condition to compare with the unanticipated data and 

did not investigate the entire lower extremity. 

While research is available that has focused upon gender differences during unanticipated 

movements, few groups have simultaneously investigated the influence of gender under 

anticipated and unanticipated conditions on loading of the entire lower extremity.  Besier et al.184 

investigated loading at the knee under preplanned (PP) and unanticipated (UN) conditions.  The 

researchers reported external flexion/extension moments at the knee joint were similar between 
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PP and UN conditions.  However, movements performed during UN conditions can double 

varus/valgus moments and internal/external rotation moments at the knee 184.  Although these 

results are compelling, the sample of the previous study consisted only of males.  Houck et al.186 

showed UN movements decreased hip abduction angles when compared to PP movements.  

However, the average speed of all tasks was 2.0 m/s.  During competitions, an individual’s speed 

before performing a side cut maneuver can be between 5.5 and 6.5 meters per second.185  

Extrapolating the results from this study to athletic movements in situations similar to games or 

practice is problematic at best. Furthermore, gender comparisons were not made.  Sell et al.187 

compared PP and UN jump tasks to investigate how gender influences knee loading.  Direction 

and reactivity can affect loading at the knee.  However, a task that consisted of a low risk hop 

and cut was utilized.  Also, data of the entire lower extremity were not provided, as only the 

kinetics and kinematics of the knee were reported.  Finally, Borotikar et al.174 investigated how 

fatigue and reaction influence lower extremity alignment during a high risk landing and response 

maneuver.  The lack of planning prior to the unanticipated movements affected hip extension and 

internal rotation at initial contact and peak knee and ankle angles.  However, gender comparisons 

were not made due to a sample composed of only females.  Furthermore, kinetic data were not 

reported.  Also, the examined task utilized a horizontal jump prior to the reactive movements.  

Although a high risk movement, the investigation of other tasks is important to provide a broader 

base of knowledge to discern the interaction of neuromuscular factors.   

As was previously mentioned, noncontact ACL injury mainly occurs under three 

conditions: planting and cutting, landing with a more erect posture, and unilateral decelerations.  

The purpose of this study is to investigate the effects of gender on kinetics and kinematics of the 

entire lower extremity during anticipated and unanticipated planting and cutting maneuvers and 
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relate these findings to the potential for ACL injury. Due to the plethora of previous studies 

utilizing anticipated movements, a comparison under both conditions would provide a link in the 

literature to better interpret movements performed under anticipated conditions and generate an 

improved understanding of lower extremity movement during conditions more specific to 

competition.  The results from this study may help clarify gender differences in the response to 

unanticipated movements and improve future training methods for female athletes.  Currently, 

most research implemented for neuromuscular training focuses on the improvement of technique 

from jump landings.78, 188  However, ACL injuries occurring during planting and cutting 

constitute a larger percentage of the total noncontact injuries.189, 190  Therefore, results from this 

study may be utilized to improve training programs that focus on technique improvements of a 

cutting maneuver 35.  Incorporation of the results from this study may improve prevention 

programs to aid in decreasing injury rates in males and females.   

We hypothesized that females would perform the cutting maneuvers under anticipated 

conditions displaying kinematics and kinetics more closely resembling the common mechanism 

of ACL injury such as a more erect posture at the knee and hip, internal rotation of the knee and 

hip, hip adduction, knee abduction, and ankle eversion.  Also, it is hypothesized that the 

unanticipated condition will exacerbate the alignment of the lower extremity in both genders to a 

more dangerous position compared to the anticipated condition.  However, it is hypothesized that 

the unanticipated condition will have a more potentially deleterious effect on the lower extremity 

kinematics and kinetics of females with respect to ACL injury than males. 
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CHAPTER 3 
METHODS 

Participants 

Thirty healthy college-aged male and female individuals were recruited to participate in the 

study.  Eligible individuals did not have any previous or existing injury to the lower extremity 

that required surgery.  Before participating in the experiment, individuals were informed 

regarding the experimental protocol and read and signed an informed consent agreement under 

the established guidelines of the Institutional Review Board (IRB) of the University of Florida.  

Testing involved one session for each participant. 

Instrumentation 

Three-dimensional motion analysis was performed using a Vicon MX system.  The motion 

analysis system consisted of ten digital cameras (8 MX20 cameras and 2 MXF20 cameras, 

Oxford Metrics Ltd., Oxford, England) collected at 240 Hz.  In addition, a Bertec force platform 

(Type 4060-10, Bertec Corporation, Columbus, OH) sampled at 2400 Hz was used to collect 

ground reaction force (GRF) data.   To provide a digital video image of the participant, a Basler 

camera (A602FC Basler, Inc., Exton, PA) was located lateral to the force plate.   A light signal 

system was created to signal the direction of the maneuver.  The system consisted of a horizontal 

line of three light bulbs on a board connected to a switch box with one switch per each light, and 

was connected to the Vicon System to provide an analog signal to determine the elapsed time 

between the stimulus for the direction of movement and contact of the foot with the force plate.  

Nexus Software (Version 1.2) was used to obtain all kinetic and kinematic data.  Also, Speedtrap 

2 electrical timing gates (Brower Timing Systems, 2004, Draper, Utah) were employed to ensure 

the correct speed was maintained throughout all trials.  Excel ® 2003 (Microsoft Corporation, 

Redmond, Washington) was used for data reduction. Statistical analyses of the loading on the 
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lower extremity and GRF was performed using SPSS © 2008 (SPSS Incorporated, 2008, 

Chicago, Illinois).   

Procedure 

All data collections occurred in the Biomechanics Lab at the University of Florida.  Prior 

to the participant’s arrival, calibration of the Vicon MX system occurred with acceptable 

calibration error rates less than .25 mm.  Also, the force plates were calibrated to zero.  Upon 

entering the laboratory, participants were provided an Informed Consent form to read and sign.  

After completion of the Informed Consent, the participants were asked with which leg they 

would prefer to kick a soccer ball.  In order to guarantee correct performance of the movements, 

each maneuver and condition was described and demonstrated by the primary investigator.   

Prior to performing the movements, anthropometric measurements were collected.  

Measurements included height, weight, bilateral knee and ankle widths, and bilateral length of 

the combined thigh and leg segments.  Reflective markers were placed on the following lower 

extremity landmarks (left and right): posterior superior iliac spine, anterior superior iliac spine, 

thigh, lateral knee, shank, lateral malleolus, calcaneus, and 2nd metatarsal.  Each participant wore 

shorts that did not cover the markers, a tight fitting shirt, and their own shoes.  After application 

of the markers, a static trial was collected before any dynamic trials.  Static trials involved the 

participant standing motionless on the force plate, allowing calculation of intermarker distances 

to be applied during dynamic movement. 

Each maneuver was preceded by a run at a speed between 5.0 to 7.0 meters per second 

(m/s).191  In order to ensure that speeds were maintained throughout each trial, electrical timing 

gates were placed at 0.1 m and 1.1 m before the force plate.  In order to decrease the possibility 

of targeting, each participant was required to find a starting point that placed his or her right foot 

near the middle of the force plate during a natural stride.  Participants were allowed as many 
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trials as needed to locate their starting mark.  Upon finding the starting point, participants were 

instructed to start at the mark and maintain the same speed for each trial.  The runway length was 

8 m.   

Using their right foot to plant, the tasks performed by the participants were as follows: a 

cut to the left at an angle between 35° to 60°, continue to run straight, and a crossover step at 35° 

to 60° to the right.160, 191  The tasks were performed under two conditions: anticipated and 

unanticipated.  In order to differentiate between the categories, a light signal system was used.  

Prior to performing the anticipated condition, the participant was informed verbally by the 

primary investigator which movement to perform.  During the run prior to the performance of the 

maneuver, the primary investigator pressed a switch to illuminate the corresponding light.   

The timing of the signal was calibrated to each participant.184  To decrease variability, the 

primary investigator determined the time to press the switch for each participant.  To gauge the 

location of the participant, the primary investigator employed a live feed from a video camera 

connected to a separate computer.  The digital camera was positioned on the wall 1.88 meters 

above the floor and orthogonal to the direction of movement.  For the first attempt at calibration, 

the stimulus was displayed when the participant wass approximately 0.61 m prior to contact with 

the force plate.  After each unsuccessful calibration, the distance from the force plate at which 

the stimulus was provided increased by approximately .305 m.  Calibration ceased when the 

participant was able to consistently perform the correct movement. 

For a trial to be analyzed, participants were required to approach the force plate at a speed 

between 5.0 to 7.0 m/s, cut at an angle of 35° to 60° using their right foot to plant, and perform 

the correct movement.191  Infrared timing gates were used to ensure the speed was comparable 

among participants.  Orange cones beginning at the center of the force plate and placed at the 
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angles of 35° to 60° was placed on the floor to monitor the correct angle of movement during the 

side cut and crossover cut.54  To decrease the effects of fatigue, participants were allowed as 

much time as needed between trials.  Each movement was performed five times for a total of 30 

trials.  The order of the 30 trials was completely randomized prior to the arrival of the 

participant.  Following the randomization, each trial order for the female participants was paired 

with a male participant.     

Data Analysis 

 Vicon Nexus software provided all calculations of lower extremity joint kinetics and 

kinematics.  Coordinate data was filtered with a Woltering spline filter using a mean square error 

of 20 mm.150  All kinetic data was calculated using standard inverse dynamic equations, and all 

results were normalized to body mass (Nm/kg).   Vertical GRF surpassing and decreasing below 

10 N for initial contact (IC) of the foot with the force plate to toe off, respectively, defined stance 

phase.35 

Due to a majority of noncontact injuries occurring in the early decelerative phase of stance, 

this phase was the only portion analyzed.12  For this study, the early decelerative phase was 

defined as IC to 20% of stance phase.145  The variables of interest were the sagittal plane angles 

and moments, frontal plane angles and moments, and transverse plane angles and moments of the 

hip, knee, and ankle at IC and the peak value during the early decelerative phase of stance.   

Data Reduction 

 Excel was used to reduce each trial to stance phase.  From this interval, values at IC and 

the peak during the early decelerative phase were identified and averaged for each trial and 

variable.  These values were placed in a separate file.  Each trial was time normalized to 100% of 

stance phase and be linear interpolated to 101 data points.   
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Statistical Analysis 

Separate 2:gender x 2: condition x 3: direction multivariate analyses of variance 

(MANOVA) on IC and the peak of the early decelerative phase with repeated measures on 

condition and direction of movement were performed in the three cardinal planes (α = .05).  For 

example, one MANOVA evaluated the effects of gender, condition, and direction on the peak 

and IC values of the sagittal plane (flexion/extension) angles of the hip, knee, and ankle.  
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CHAPTER 4 
RESULTS 

Preceding the description of the repeated measures MANOVA is a gender comparison of 

differences in age, anthropometrics, time separating the signal delivery till first contact, and the 

percentage of successful trials for each participant.  The subsequent results are divided into 

sections containing kinematics and kinetics.  Each of these two sections is further divided by 

plane of motion and contains the main effects of condition, gender, and direction.  Furthermore, 

significant two way and three way interactions are reported. 

Participants 

The 30 participants (15 males and 15 females) composed a sample of convenience that was 

recruited from undergraduate classes at the University of Florida.  None of the participants had 

previously suffered from a lower leg injury that required surgery or were suffering from any 

minor injuries that may have impeded or altered performance.  Of the participants, 97% reported 

their right leg as their dominant leg.  Six independent t-tests were performed to compare gender 

for age, height, mass, signal calibration, and percentage of succesful trials.  The averages of these 

tests are shown in Table 4-1.  The average age of males and females did not differ significantly (t 

= .989; P = .166).  However, there were gender differences for height (t = 3.657; P = .001) and 

mass (t = 3.735; P < .001), as the males were significantly taller and heavier than the females 

(Table 4-2).  There were no significant gender differences for the calibration of the light signal (t 

= 1.905; P = .097).  Gender differences were present for the percentage of analyzed trials (t = 

3.405; P = .045).  See Figure 4-1 for the failure rates of the genders. 
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Kinematics 

Sagittal Plane 

 A 2 (gender) x 2 (condition) x 2 (direction) repeated measures MANOVA revealed a 

significant difference among joint angles when comparing levels of anticipation (Wilks’ Λ = 

0.490, F (6, 23) = 3.817, P = 0.009).  Univariate tests revealed that the unanticipated condition 

was performed with 2.2° greater hip flexion at IC (P = .003) and 2.4° at PEAK (P = .001).  

Sagittal plane kinematics of the lower extremity during the different anticipatory conditions are 

displayed in Table 4-2.  No other significant main effects or interactions were observed.  Joint 

angles of the hip, knee, and ankle for males and females are displayed in Table 4-3.  See Table 4-

4 for the kinematics of the joints of interest at IC and PEAK during the different cutting 

movements. 

Frontal Plane 

 A main effect did not exist for the condition of movement.  However, a gender main 

effect was detected (Wilks’ Λ = 0.530, F (6, 23) = 3.400, P = 0.015).  Univariate tests revealed 

that males performed the maneuvers with 5.7° and 5.6° greater hip abduction at IC (P = .011) 

and at PEAK (P = .019), respectively.  Joint angles for males and females are shown in Table 4-

5.  A significant direction main effect was also observed (Wilks’ Λ = 0.110, F (6, 22) = 30.930, P 

< 0.001).  Univariate tests showed that the hip was 7.5° more abducted at IC (P < .001) and 5.6° 

more abducted at PEAK (P < .001).  Also, the ankle was 1.0° more supinated at IC during the 

side cut when compared to the crossover cut (P = .027).  Frontal plane kinematics of the hip, 

knee, and ankle joints for the different directions appear in Table 4-6.  No other main effects or 

interactions were detected.  Angular data for the lower extremity joints under the different 

movement conditions are displayed in Table 4-7.   
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Transverse Plane 

 Direction of movement influenced joint angles at IC and PEAK (Wilks’ Λ = 0.371, F (6, 

22) = 6.205, P = 0.001).  At IC, the hip was internally rotated during the side cut and externally 

rotated during the crossover cut, which lead to a joint angle difference of 6.6° (P < .001).  At 

PEAK, the hip was internally rotated during the side cut and externally rotated during the 

crossover cut yielding a difference of 9.9° (P < .001).  Lower extremity kinematics comparing 

the different directions are reported in Table 4-8.  No other significant main effects or 

interactions were documented.   Joint angles of the lower extremity for the different levels of 

anticipation appear in Table 4-9 while joint angles for males and females are shown in Table 4-

10.   

Kinetics 

Sagittal Plane  

 Joint moments of portions of the lower extremity were affected by the direction of 

movement at IC and PEAK.  Joint moments differed significantly for direction (Wilks’ Λ = .489, 

F (6, 23) = 4.004, P = .007).  Univariate tests revealed that significant differences exist for the 

knee in cutting direction at PEAK and the ankle at IC.  At PEAK (P = 003), the knee produced a 

.49 Nm/(kg*m) greater extensor moment when compared to the crossover cut (P = .003).  At IC, 

the ankle produced a .02 Nm/(kg*m) larger plantarflexion moment during the side cut when 

compared to the crossover cut (P = .003).  Sagittal plane moments of the hip, knee, and ankle 

joints are displayed for the different directions in Table 4-11.  There were no other significant 

main effects or interactions.  Lower extremity joint moments for males and females are shown in 

Table 4-12.  Lower extremity joint moments of the different conditions are shown in Table 4-13.   
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Frontal Plane 

 A direction x condition interaction was observed (Wilks’ Λ = 0.352, F (6, 23) = 7.052, P 

< 0.001).  Follow-up tests revealed significant differences for the hip at IC and knee at IC.  For 

the hip, the side cut was performed under both conditions with an adduction moment at IC that 

was .051 Nm/(kg*m) greater during the anticipated condition.  During the crossover cut, the 

anticipated movement was performed with an abduction moment, while the unanticipated 

movement was performed with an adduction moment that differed by .372 Nm/(kg*m) (P < 

.001).  For the knee, the side cut was performed under both conditions with an adduction 

moment at IC that was .035 Nm/(kg*m) greater during the anticipated condition.  During the 

crossover cut, the anticipated movement was performed with an abduction moment, and the 

unanticipated movement was performed with an adduction moment that differed by .084 

Nm/(kg*m) (P < .001).  The joint moments of males and females for the hip, knee, and ankle 

joints are shown in Table 4-16.   

Several main effects and an interaction were detected at IC and PEAK.  The repeated 

measures MANOVA revealed a main effect for condition (Wilks’ Λ = 0.589, F (6, 23) = 2.678, P 

= 0.040).  Univariate tests revealed that the joint moment of the hip for the unanticipated 

condition was .016 Nm/(kg*m) greater adduction moment than the anticipated condition (P = 

.001).  Joint moments for the hip, knee, and ankle during the different conditions are shown in 

Table 4-14.   

Also, there was a main effect for direction (Wilks’ Λ = 0.148, F (6, 23) = 22.010, P < 

0.001).  Univariate tests revealed a significant difference at the hip at IC as an adduction moment 

occurred during the side cut and an abduction moment occurred during the crossover cut yielding 

a .22 Nm/(kg*m) difference IC (P < .001).  At PEAK, the hip joint produced an abduction 

moment during the side cut and an adduction moment during the crossover cut yielding a 1.03 
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Nm/(kg*m) difference (P < .001).   At IC, the knee joint moment for the side cut differed from 

the crossover cut by .06 Nm/(kg*m) due to a varus moment during the side cut and a valgus 

moment during the crossover cut (P < .001).  At PEAK, the ankle joint produced a supination 

moment during the side cut and a pronation moment during the crossover cut giving a difference 

of .5 Nm/(kg*m) (P < .001).  There were no other significant main effects or interactions.  

Frontal plane moments of the hip, knee, and ankle joints for the different directions are located in 

Table 4-15.   

Transverse Plane 

 Main effects were present during IC and PEAK.  A direction main effect was detected 

(Wilks’ Λ = 0.518, F (6, 23) = 3.570, P = 0.012).  Univariate tests revealed that the hip was .1 

Nm/(kg*m) more externally rotated during the crossover cut when compared to the side cut at 

PEAK (P < .049).  At IC, the knee produced an internal rotation moment during the side cut and 

an external rotation moment during the crossover cut to create a difference of .02 Nm/(kg*m) (P 

< .010).  Furthermore, the moments of the ankle differed by .01 Nm/(kg*m) at IC as a near 

neutral moment was displayed during the side cut and a external rotation moment was displayed 

during the crossover cut (P < .024).  Joint moments for the lower extremity during the different 

conditions are shown in Table 4-17.  There were no other significant main effects or interactions.  

Transverse plane moments of the lower extremity joints across gender are located in Table 4-18.  

Joint moments for the different movement conditions are shown in Table 4-19.    

Table 4-1. The average age, height (m), mass (kg), time between the signal and IC, and the 
percentage of successful trials for males and females [* denotes significant difference 
at P < .05].  Data are displayed as mean ± SD. 

Gender Age Height (m)* Mass (kg)* Time (s) % of 
successful 
trials (%)* 

Males (N=15) 22.4 ± 2.9 1.77 ± .08 76.0 ± 9.2 0.61 ± 0.11 48 ± 12 
Females 21.5 ± 1.7 1.66 ± .08 63.8 ± 8.8 0.68 ± 0.11 35 ± 20 
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(N=15) 
 

  

Figure 4-1. The percentage of successful trials for male and female participants 

Table 4-2.  Sagittal plane joint angles (degrees ± SD) for preplanned (PP) and unanticipated 
(UN) conditions (* denotes significant difference at P < .05 for IC).   

Joint Condition IC PEAK 
Hip PP 48.8 ± 7.3* 49.5 ± 7.1 

 UN 51.0 ± 7.3* 51.9 ± 7.4 
Knee PP 17.9 ± 6.6 35.7 ± 8.1 

 UN 19.0 ± 7.5 37.2 ± 8.4 
Ankle PP 2.3 ± 10.4 1.1 ± 12.1 

 UN 2.6 ± 11.0 -1.2 ± 13.1 
 
Table 4-3.  Sagittal plane joint angles (degrees ± SD) for males and females 

Joint Gender IC PEAK 
Hip Males 51.8 ± 6.4 52.7 ± 6.0 

 Females 48.2 ± 7.7 48.6 ± 8.0 
Knee Males 19.5 ± 8.0 37.8 ± 9.6 

 Females 17.5 ± 6.0 35.2 ± 6.8 
Ankle Males 0.8 ± 11.2 -1.9 ± 13.9 

 Females 3.9 ± 10.4 2.6 ± 10.8 
 
Table 4-4.  Sagittal plane joint angles (degrees ± SD) for the side cut (Left) and crossover cut 

(Right) 
Joint Direction IC PEAK 
Hip Left 50.1 ±  7.3 51.0 ± 7.5 

 Right 49.7 ± 7.3 50.4 ± 7.1 
Knee Left 17.7 ± 6.1 37.0 ± 6.1 

 Right 19.2 ± 8.0 35.9 ± 8.0 
Ankle Left 3.5  ± 10.8 1.3 ± 12.6 

 Right 1.4 ± 10.6 -1.3 ± 12.7 
 



 

49 

Table 4-5.  Frontal plane joint angles (degrees ± SD) for males and females (* denotes 
significant difference at P < .05 for IC, † denotes significant difference at P < .05 for 
PEAK).  

Joint Gender IC PEAK 
Hip Males -7.3 ± 5.9* -6.6 ± 7.5† 

 Females -1.6 ± 5.8* -1.0 ± 6.8† 
Knee Males 5.0 ± 6.7 10.5 ± 12.5 

 Females 0.9 ± 7.3 4.2 ± 11.6 
Ankle Males 2.0 ± 5.5 4.9 ± 8.1 

 Females 0.3 ± 4.7 4.7 ± 7.0 
 
Table 4-6.  Frontal plane joint angles (degrees ± SD) for the side cut (Left) and crossover cut 

(Right) (* denotes significant difference at P < .05 for IC, † denotes significant 
difference at P < .05 for PEAK).   

Joint Direction IC PEAK 
Hip Left -8.1 ±  6.0* -8.6 ± 6.9† 

 Right -0.6 ± 6.7* 1.2 ± 8.4† 
Knee Left 1.9 ± 7.7 5.9 ± 7.7 

 Right 3.9 ± 7.3 8.6 ± 6.8 
Ankle Left 1.6 ± 5.3* 4.8 ± 7.3 

 Right 0.6 ± 5.0* 4.7 ± 7.6 
 
Table 4-7.  Frontal plane joint angles (degrees ± SD) for preplanned (PP) and unanticipated 

(UN)(* denotes significant difference at P < .05 for IC).    
Joint Condition IC PEAK 
Hip PP -4.2 ± 6.4 -3.7 ± 7.5 

 UN -4.5 ± 6.7 -4.0 ± 7.8 
Knee PP 2.9 ± 7.0 7.1 ± 11.8 

 UN 3.0 ± 7.4 7.3 ± 13.1 
Ankle PP 1.2 ± 5.1 4.9 ± 7.2 

 UN 1.0 ± 5.2 5.0 ± 7.6 
 
Table 4-8.  Transverse plane joint angles (degrees ± SD) for the side cut (Left) and crossover cut 

(Right) (* denotes significant difference at P < .05 for IC, † denotes significant 
difference at P < .05 for PEAK).   

Joint Direction IC PEAK 
Hip Left 3.6 ± 7.2* 9.3 ± 9.3† 

 Right -3.0 ± 9.6* -0.6 ± 8.4† 
Knee Left -2.9 ± 6.6 7.7 ± 6.6 

 Right -2.6 ± 8.1 9.1 ± 8.1 
Ankle Left -6.7 ± 10.2 -19.1 ± 9.6 

 Right -3.8 ± 9.9 -18.6 ± 9.5 
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Table 4-9.  Transverse plane joint angles (degrees ± SD) for males and females  
Joint Gender IC PEAK 
Hip Males 2.2 ± 9.5 6.4 ± 9.2 

 Females -1.4 ± 7.6 2.5 ± 9.6 
Knee Males -2.9 ± 7.4 3.6 ± 9.3 

 Females -2.6 ± 7.5 12.9 ± 9.6 
Ankle Males -7.6 ± 8.9 -17.4 ± 8.2 

 Females -3.0 ± 9.1 -20.2 ± 9.1 
 
Table 4-10.  Transverse plane joint angles (degrees ± SD) for preplanned (PP) and unanticipated 

(UN) conditions 
Joint Condition IC PEAK 
Hip PP -0.3 ± 8.7 4.0 ± 8.1 

 UN 0.9 ± 9.7 4.8 ± 9.6 
Knee PP -2.7 ± 7.0 8.3 ± 7.4 

 UN -2.8 ± 7.6 8.4 ± 7.6 
Ankle PP -5.3 ± 9.0 -19.0 ± 8.4 

 UN -5.1 ± 9.1 -18.7 ± 8.3 
 
Table 4-11.  Sagittal plane joint moments (Nm/(kg*m) ± SD) for the side cut (Left) and 

crossover cut (Right) (* denotes significant difference at P < .05 for IC, † denotes 
significant difference at P < .05 for PEAK).   

Joint Direction IC PEAK 
Hip Left 1.26 ± 0.64 2.31 ± 0.86 

 Right 1.33 ± 0.45 2.19 ± 0.72 
Knee Left -0.54 ± 0.30 0.58 ± 0.30† 

 Right -0.58 ± 0.28 0.09 ± 0.29† 
Ankle Left 0.04 ± 0.08* 0.52 ± 0.60 

 Right 0.02 ± 0.08* 0.47 ± 0.48 
 
Table 4-12.  Sagittal plane joint moments (Nm/(kg*m) ± SD) for males and females  

Joint Gender IC PEAK 
Hip Males 1.27 ± 0.54 2.41 ± 0.66 

 Females 1.32 ± 0.52 2.09 ± 0.70 
Knee Males -0.61 ± 0.30 0.63 ± 0.35 

 Females -0.51 ± 0.29 0.59 ± 0.38 
Ankle Males 0.04 ± 0.10 0.51 ± 0.57 

 Females 0.02 ± 0.04 0.46 ± 0.50 
 
Table 4-13.  Sagittal plane joint moments (Nm/(kg*m) ± SD) for preplanned (PP) and 

unanticipated (UN) conditions. 
Joint Condition IC PEAK 
Hip PP 1.24 ± 0.43 2.25 ± 0.80 

 UN 1.35 ± 0.52 2.22 ± 0.85 
Knee PP -0.56 ± 0.25 0.37 ± 0.46 

 UN -0.56 ± 0.33 0.35 ± 0.52 
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Ankle PP 0.02 ± 0.07 0.49 ± 0.51 
 UN 0.04 ± 0.08 0.48 ± 0.57 

 
Table 4-14.  Frontal plane joint moments (Nm/(kg*m) ± SD) for preplanned (PP) and 

unanticipated (UN) conditions (* denotes significant difference at P < .05 for IC).   
Joint Condition IC PEAK 
Hip PP 0.01 ± 0.43* 0.21 ± 0.35 

 UN 0.17 ± 0.48* 0.24 ± 0.31 
Knee PP -0.01 ± 0.17 0.62  ± 0.45 

 UN 0.02 ± 0.16 0.62 ± 0.46 
Ankle PP 0.01 ± 0.03 0.10 ± 0.20 

 UN 0.01 ± 0.02 0.11 ± 0.21 
 
Table 4-15.  Frontal plane joint moments (Nm/(kg*m) ± SD) for the side cut (Left) and crossover 

cut (Right) (* denotes significant difference at P < .05 for IC, † denotes significant 
difference  at P < .05 for PEAK).   

Joint Direction IC PEAK 
Hip Left 0.19 ± 0.45* -0.34 ± 0.49† 

 Right -0.03 ± 0.50* 0.69 ± 0.54† 
Knee Left 0.04 ± 0.15* 0.49 ± 0.15 

 Right -0.02 ± 0.17* 0.75 ± 0.17 
Ankle Left 0.01 ± 0.02 0.35 ± 0.12† 

 Right 0.01 ± 0.03 -0.15 ± 0.19† 
 
Table 4-16.  Frontal plane joint moments (Nm/(kg*m) ± SD) for males and females. 

Joint Gender IC PEAK 
Hip Males -0.04 ± 0.43 -0.18 ± 0.56 

 Females 0.20 ± 0.45 0.53 ± 0.59 
Knee Males 0.03 ± 0.17 0.45 ± 0.38 

 Females 0.05 ±  0.15 0.79 ± 0.39 
Ankle Males 0.01 ± 0.03 0.08 ± 0.15 

 Females 0.01 ± 0.01 0.14 ± 0.23 
 
 

 
Figure 4-2. Direction x condition interaction for hip joint moments at IC 
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Figure 4-3. Direction x condition interaction for knee joint moments at IC 

 
Table 4-17.  Transverse plane moments (Nm/(kg*m) ± SD) for preplanned (PP) and 

unanticipated (UN) conditions (* denotes significant difference at P < .05 for IC, † 
denotes significant difference at P < .05 for PEAK).   

Joint Direction IC PEAK 
Hip Left -0.01 ± 0.04 -0.10 ± 0.02† 

 Right -0.01 ± 0.01 -0.20 ± 0.06† 
Knee Left 0.01 ± 0.03* 0.05 ± 0.03 

 Right -0.01 ± 0.03* 0.09 ± 0.03 
Ankle Left 0.00 ± 0.03* -0.07 ± 0.05 

 Right -0.01 ± 0.03* -0.03 ± 0.09 
 
Table 4-18.  Transverse plane joint moments (Nm/(kg*m) ± SD) for males and females. 

Joint Gender IC PEAK 
Hip Males -0.02 ± 0.04 -0.12  ± 0.17 

 Females -0.01 ± 0.04 -0.18 ± 0.15 
Knee Males -0.01 ± 0.03 0.07 ± 0.13 

 Females 0.01 ± 0.02 0.07 ± 0.11 
Ankle Males -0.01 ± 0.03 -0.05 ± 0.15 

 Females 0.00 ± 0.02 -0.04 ± 0.12 
 
Table 4-19.  Transverse plane joint moments (Nm/(kg*m) ± SD) for preplanned (PP) and 

unanticipated (UN) conditions.   
Joint Condition IC PEAK 
Hip PP -0.02 ± 0.04  -0.16 ± 0.16 

 UN -0.01 ± 0.05 -0.13 ± 0.15 
Knee PP 0.00 ± 0.03 0.07 ± 0.12 

 UN 0.00 ± 0.02 0.07 ± 0.12 
Ankle PP -0.01 ± 0.03 -0.05 ± 0.14 

 UN 0.00 ± 0.03 -0.04 ± 0.16 
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CHAPTER 5 
DISCUSSION 

 Females are four to six times more likely to suffer an ACL injury than men when playing 

the same sports.5-8  Gender differences during anticipated cutting are well documented.35, 42, 121, 

183  Due to the limitations of extrapolating data collected during anticipated movements to 

competition, more researchers have utilized unanticipated movements in their research.  

Although some comparisons between anticipated movements and unanticipated movements have 

been reported, cutting movements have not been compared under anticipated and unanticipated 

conditions with a sample composed of both males and females.  Therefore, the purpose of this 

study was to investigate the effects of anticipation and gender on the lower extremity during high 

risk cutting movements.   

Although the statistical tests used in this study were delineated by cardinal plane and 

biomechanical measure, the interaction of the lower extremity joints in all planes of movement 

seems to produce the most deleterious effects with respect to ACL injury rates.192  Therefore, 

comparisons of cutting condition, gender, and the different movement directions will be detailed 

in separate sections.  Condition comparisons will be emphasized due to the dearth of published 

research relating condition effects on males and females.  Although the relationship among drop 

jumps and cutting tasks utilized in laboratory research is not well understood, 127, 183 condition 

comparisons of drop jumps will be included due to the lack of research comparing anticipated 

and unanticipated conditions while utilizing cutting movements.   

Participants 

The participants were college aged undergraduate students who composed a sample of 

convenience.  The height and mass of the participants41, 142 and the sample size was similar to 

other previously reported samples of convenience.42, 54, 160, 174, 193  Due to significant gender 
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differences in height and mass, joint moments were normalized to the height and mass of each 

subject.   

In order to ensure that trials for each condition and direction could be analyzed, many of 

the participants attempted more than the required 30 trials.  Although the number of analyzed 

trials did not differ significantly between genders, the percentage of successful trials was 

significantly different due to the males requiring less trials to acquire a similar number of 

analyzed trials as the females.  Although the males were more adept at performing the cutting 

movements, both groups had a failure rate of more than 50%.  The high failure rates are likely a 

combination of the relatively low skill inherent with samples of convenience and the difficulty of 

performing the cutting movements with the required approach speed.  A trade off between speed 

and accuracy occurred as many participants were unable to consistently accelerate to the proper 

speed and cleanly plant on the force plate.  Due to most researchers not reporting the number of 

analyzed trials, difficulty exists when comparing our number of succesful trials to previously 

published literature. 

Condition 

Sagittal 

Noncontact ACL injuries purportedly occur during movements with decreased flexion at 

the hip and knee.12, 13  Performance of sporting activities with decreased hip and knee flexion 

may prevent the hamstring from aiding the ACL in resisting anterior movement of the tibia 

relative to the femur.121, 182  Due to less than optimal spatial orientation prior to performance of 

the athletic movement and a decreased time to appropriately position the body, an unanticipated 

movement would be more likely to produce an alignment which is less safe for ACL injury.136  

Similarly, Besier et al.184 reported increased knee flexion angles for the unanticipated condition.  

Counter to our hypothesis, unanticipated movements were performed with an increased hip 
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flexion at IC and at PEAK when compared to the anticipated condition.  Compensation for 

unanticipated movements in a controllable lab setting may occur through lowering the COM 

height and producing a less dangerous movement pattern.  An increased chance of injury may 

arise when compensation is unattainable due to temporal restrictions.184   

Frontal 

Since greater knee valgus moments and GRFs occur through an increase in medial knee 

motion, frontal plane biomechanical measures are extremely important.111  Furthermore, frontal 

plane knee joint angles have been used to predict future ACL injuries, and continuous 

performance of athletic movements with increased frontal plane movements may increase the 

possibility of ACL injury.12, 21  Direction x condition interactions were revealed for the hip and 

knee in the frontal plane.  The side cut was performed with hip and knee adduction moments 

under both conditions, while the crossover cut was performed with hip and knee abduction 

moments during the preplanned condition and hip and knee adduction moments during the 

unanticipated condition.  In order to perform the movements during the unplanned condition, 

participants used hip and knee adduction moments during the unanticipated movements.  Due to 

similar moments used during the different directions under unanticipated conditions, participants 

were unable to accommodate to the unanticipated movements in the frontal plane. 

Although no significant differences were found for the influence of anticipation on frontal 

plane kinematics, significant differences in joint moments were present at IC for the hip.  

Unanticipated movements were performed with greater hip adduction moments.  Hip adduction 

is a primary component of dynamic valgus and previously correlated with knee valgus during 

drop landings.21  Knee abduction was not revealed in our results.  Thus, the predictive nature of 

knee abduction during drop jumps may not apply to cutting movements.  Besier et al.184 reported 

knee valgus moments increased when comparing anticipated movements to unanticipated 
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movements.  Frontal plane hip and knee joint differences have been published during cutting 

movements, as unanticipated movements were performed with increased knee abduction 

angles.174, 194  Also, a visual inspection of the Borotikar study revealed that 58% more knee 

abduction occurred in the joint angles of the nondominant leg when comparing unanticipated 

movements to anticipated movement.  In our sample, 97% of the participants performed the 

cutting movements using their dominant leg, which may help to explain the disparity among the 

studies.   

Transverse 

Increased hip internal rotation potentially places the lower extremity in an alignment that is 

less safe.151  Furthermore, increased rotation and adduction at the hip when coupled with 

decreased glute medius strength may produce increased knee valgus angles.195  However, no 

significant differences were found in the kinetics or kinematics of the lower extremity when 

comparing conditions in the transverse plane.  Brown et al.194 did not find significant differences 

in the kinematics of the knee and hip, but showed that unanticipated movements resulted in 

increased internal rotation moments of the hip and knee.  In addition, Borotikar et al.174 showed 

that the condition of movement can modify transverse plane kinematics at the hip and knee, as 

the dominant and nondominant leg became more internally rotated at the hip and ankle.  

Performance of an unanticipated side cut increased the internal rotation moment of the knee in 

early stance phase.184  Differences among studies may be due to our sample being the least 

skilled, yet performing one of the more difficult tasks to consistently execute due to such a high 

approach speed.   

Although unanticipated movements are increasingly being incorporated into controlled 

research, differences exist between the lab setting and competition.  The present study 

incorporated acceleration towards a predetermine location followed by pivoting with the right leg 
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and performance of one of the three movement options.  In competition, athletes rarely change 

direction at a predetermined area with so few options regarding direction of movement and plant 

leg.  Due to the vast differences in unpredictability between competition and lab settings, 

whether truly unanticipated movements were utilized in this study is questionable.  However, the 

similar moments at the hip and knee for the unplanned conditions are an interesting finding 

suggesting that anticipation was prevented and a similar movement pattern was utilized.  The 

success and ecological validity of future studies hinges upon improvement in techniques to 

prevent anticipation such as utilizing an increased number of movement options, delivery of the 

signal through more sophisticated means, or delivery of multiple signals during different phases 

of the gait cycle.  Therefore, discrepancies among studies are an expected occurrence due to 

differing methods of anticipation prevention.   

Gender 

Sagittal 

Females have been described as performing athletic movements with an internally rotated 

and adducted hip, decreased flexion and valgus at the knee, and ankle eversion.  Gender 

differences exist during running, jump landings, and cutting maneuvers.  Gender differences 

have been documented during various athletic movements with females using less hip and knee 

flexion when compared to males.42, 121, 182  However, the present gender comparisons for 

kinematics and kinetics of the sagittal plane did not replicate the results of previous studies.  Due 

to the plethora of gender difference data during various movements, our results are surprising.  

However, few researchers have utilized our approach speeds, and the ones that did recruited 

mostly college soccer players. 122, 145, 150, 151, 196  To our knowledge, this is the first study with a 

sample composed of recreational college undergraduates to perform cutting movements at 

approach speeds greater than 5.5 m/s.  Furthermore, our participants did not reach the required 
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speed until after the signal for the cutting movement.  Although the process of performing a 

movement amidst accelerations and decelerations more closely simulates competition than 

anticipated cutting, the occurrence of this process at the required speed may have prevented 

variation in movement strategies due to venturing toward the limits of the sample’s cutting 

ability.   

Frontal 

Previously, females consistently differed in frontal plane measures of the lower extremity.  

In the current study, females performed the cutting movements with less hip abduction at the hip 

at IC and at PEAK.  Instead of relying on the sagittal plane for force dissipation, females tend to 

rely more on the frontal and transverse planes.151  Decreased abduction may be due to lacking 

strength in the hip abductors such as the glute medius.  Although no significant differences at the 

knee were present, increased knee valgus of females while performing cutting maneuvers is well 

documented.42, 121, 134, 183  The results of the current study were very similar to a previous study 

which involved the investigation of a side cut, stop jump, and a run with analysis of stance phase 

across the first 40° of knee flexion.151  Similarly, significant gender differences in peak hip 

abduction during the early decelerative phase of cutting maneuvers have been reported. 151 

Transverse 

Increased hip internal rotation angles have been found for females during cutting 

movements.145  Also, hip internal rotation at IC positively correlated with peak knee 

abduction.183 Results for peak knee valgus in the current study were similar to the peak knee 

valgus moments of McLean et al.183  However, the females in our sample performed cutting 

movements with external rotation at IC, not internal rotation.  Differences exist between studies 

as their sample used slower approach speeds but was composed of more skilled college athletes.  

Increased approach speeds in the current study may be the reason for our increased knee valgus 
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moments but would not explain why a less skilled sample performing a more difficult task 

utilized a safer alignment.  As was noted previously, the relatively low skill of our sample 

performing the high risk movements at a greater speed may have prevented variation in cutting 

strategy due to the analysis of only the successful trials.   

Direction changes during competition can occur at velocities ranging between 5.5 and 7 

m/s.191  For the current study, an approach speed of 5.5 to 7 m/s was selected to use the lab 

setting to test cutting movements at speeds encountered during competition.  Although approach 

speeds similar to the current study have been previously employed during research, the majority 

of the samples used in those studies contained college athletes with the only sample not 

composed of college athletes being competitive high school athletes.122, 145, 150, 151, 196  Therefore, 

the sample of convenience used in the current study was composed of relatively less skilled 

recreational college aged participants.  Due to the stringent requirements necessary for the 

analysis of trials, a homogenizing effect on the data may have occurred.  Theoretically, college 

athletes proficient at cutting would be more skilled performing the movements at higher speeds 

and may self select a greater approach speed than would a less skilled person.  Naturally, the 

skilled athlete would be more proficient during change of direction and utilize a safer alignment 

at higher speeds.  Therefore, the high approach speed necessary for analysis may have allowed 

for fewer acceptable cutting strategies for participants of either gender to complete the 

movements.  Presumably, this may have negated any gender differences. 

Direction 

Sagittal 

Change in direction occurs through foot placement lateral to the center of mass and 

opposite the direction of movement and incorporates a decrease in velocity over several gait 

cycles prior to cutting.181  Previously, the side cut was documented as being more effective at 
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producing changes in direction.197  Although both movements in the current study were 

performed within the previously specified speed range, differences were present in sagittal plane 

moments for the knee at PEAK and ankle at IC.  From a previous study, the vastus medialis, a 

knee extensor, and the gastrocnemius produced a greater activation during the side cut when 

compared to the crossover cut.197  During early stance, lower extremity extensor moments absorb 

the force of movement.42, 198  Therefore, greater extensor moments during early stance are due to 

increased momentum during the pivoting step of the side cut.   

Based on subjective observation, accommodation for the crossover cut seemed to occur 

with the participants absorbing most of the momentum with the step preceding the crossover cut.  

In addition, many participants commented on the difficulty of performing the crossover cut at the 

required approach speed.  Sagittal knee and ankle moment data corroborate our observations that 

participants required less force absorption during the crossover cut than the side cut. 

Performance of a crossover cut without the preceding step to safely decrease momentum may 

increase the possibility of an ACL injury as the alignment during a crossover cut more closely 

simulates the mechanism of valgus collapse seen during ACL injuries due to hip adduction 

required to propel the center of mass in the opposite direction of foot placement.42   

Successful performance of the correct movement requires delivery of the stimulus to occur 

two steps prior to performing either cutting maneuver.197  Due to our contention that the 

crossover cut was performed with a preceding side cut, the signal occurred less than two steps 

prior to changing directions.  Our findings may be different than previous work because this is 

the first study to compare side cutting and crossover cutting at approach speeds over 5.5 m/s.  

Our protocol for calibrating the timing of the stimulus required participants to successfully 

perform both movements at that specified time, but we did not separately document the timing 
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for each movement.  Therefore, it is unknown whether differences in the timing of the signal 

exist for both movements.  Requiring the signal to be two steps or more prior to contact with the 

force plate may have been due to limitations of performing the crossover cut and not the side cut.   

Although our results support the timing of the stimulus being two steps prior to IC, further 

investigation is required to locate the timing of the stimulus in relation to both the crossover cut 

and side cut.   

Frontal 

Frontal plane kinematics and kinetics differed during the side cut and the crossover cut.  

The dangerous frontal plane alignment for noncontact injuries usually contains hip adduction, 

knee valgus, and ankle eversion.  Though neither direction completely coordinated with the 

deleterious alignment, the kinetics of the crossover cut seem to be more perilous due to hip 

adduction moment at PEAK, knee abduction moment at IC, and a pronation ankle moment at 

PEAK.  When the kinetics are coupled with an adducted hip angle at PEAK, a crossover cut 

seems to produce a movement pattern more similar to the proposed ACL noncontact injury 

mechanism than the side cut.   

Transverse 

In the transverse plane, the more dangerous alignment for an ACL injury is an internal 

rotation angle at the hip.  In the current study, the side cut was performed with internal rotation at 

the hip at IC and PEAK.  Although an external rotation moment during the side cut does not 

seem to be injurious to the ACL, when coupled with an internal rotation moment at the knee, an 

increased chance of injury may exist due to the joints having moments in opposite directions.  

Conversely, the crosscut was performed with external rotation moments at all joints of the lower 

extremity.  In the transverse plane, the side cut seems to be a more dangerous movement. 
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To change direction, lateral placement of the center of pressure (COP) to the center of 

mass (COM) is required.199  The side cut has been documented as being more effective at change 

of direction due to retaining a greater velocity when compared to the crossover cut.197  Our 

results confirm the effectiveness of the side cut over the crossover cut, as the performance of the 

crossover cut at high speeds seems to only be accomplished through decreasing momentum in 

the preceding step.  Furthermore, the crossover cut seems to be more dangerous due to knee 

abduction and ankle pronation and the required hip adduction to perform the maneuver. 

Limitations 

The purpose of this study was to use unanticipated movements to more closely simulate 

competition in order to provide an improved understanding of biomechanical measures in 

relation to ACL injury and compare this more realistic data to controlled research.  Logically, 

unanticipated movements would seem to be more relatable to competition than anticipated 

movements.  However, it is questionable just how similar to competition the laboratory setting is.  

During competition, athletes are constantly assessing the location and spatial orientation of 

members of both teams in addition to the ball while coordinating their own movements to 

perform a variety of accelerations and decelerations.  Conversely, this study entailed only one 

movement from one stimulus during each trial.  Although the participants did not know what 

specific direction to move, only three choices were available: cut left, straight, or cut right.  

Therefore, the level of relatedness of this study to cutting in actual competition encountered in 

soccer or basketball is debatable.  However, utilization of unanticipated movements in laboratory 

studies is important to more closely simulate competition.   

Similarly, the location and design of the light signal system may have proved a limiting 

factor.  The exact location of the light signal system is often not provided in the literature.  Few 

have reported exact distances, while most opt for an overhead picture of the entire lab space.  



 

63 

What influence the location of the light stimulus may have on the results is unclear.   Also, the 

design of the light signal system may be not be conducive to recognizing the correct signal 

during sprint movements.  Central processing must occur in order to see the cue, process the 

information, and employ the proper movement pattern.  Therefore, the signal produced by our 

light system may not have been as easily recognized as the use of a runway lined with a string of 

lights or an approaching obstacle to be avoided.  Furthermore, the lapse of time between the 

delivery of the signal and contact with the force plate is not reported for unanticipated 

movements.   Therefore, difficulty exists for making comparisons within the literature for skill 

discrepancies pertaining to specific athletic tasks across samples. 

Our analysis consisted only of successful trials with the correct speed, angle, movement, 

and successfully placing the right foot on the force plate.  Our sample was composed of 

recreationally active undergraduate students, which lead to a range in skill levels and experience 

with the cutting movements.  The success rates for males and females were over 60% and 74%, 

respectively.  However, there was variability in the skill of the sample; six of the participants 

completed less than 50% of the trials.  Due to this discrepancy in skill and stringent requirements 

for trials to be analyzed, the participants may have utilized similar movement patterns in the 

successful trials.  Of the failed trails, 67% were not analyzed due to the improper placement of 

the entire foot on the force plate, and 16% were not analyzed due to performing the cutting 

maneuver out of the required range .  It is unknown how the kinematics and kinetics of the 

unsuccessful trials compare to those of the successful trials.   

Another potential limitation would be the relatively small percentage of stance utilized for 

analysis.  For this project, data were analyzed at IC and the first 20% of stance.  Early 

decelerative phase is the portion of stance for which most noncontact ACL injuries occur.12  
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However, it is unknown at exactly what percentage of stance most injuries occur, what interval 

of stance would contain most injuries, or at what percentage of stance for which the risk of injury 

dramatically decreases.  Lacking a better understanding of the stance interval containing most 

injuries produced the investigation of a variety of measurements during different periods of 

stance.  Variation in results among studies may be partially attributed to discrepancies in the 

portion investigated during stance.  Therefore, further research is necessary to clarify the portion 

of stance which contains most injuries. 

In this study, 97% of the participants performed the cutting movements with their 

dominant leg.  Analysis of only one leg was undertaken to simplify the calculations of the 

reported biomechanical measures.  Leg dominance, a significant strength and flexibility 

discrepancies between legs, is well documented in females, and athletes with significant strength 

and flexibility imbalances between legs have higher injury rates.110-112  Previously, researchers 

showed greater knee abduction in the nondominant leg.174, 194  Therefore, testing the dominant 

and nondominant leg may have provided a better understanding of how the effects of anticipation 

can alter biomechanical measures of the lower extremity.   

According to Winter,200 two strategies exist for changing direction during locomotion: 

control during swing phase of the COP through foot placement (swing strategy) or control during 

stance using hip and ankle musculature (stance strategy).  Differentiation between COM and 

COP dictate the acceleration and direction of the movements.  For example, performance of a 

side cut occurs through placing the COP farther to the right of the normal foot placement when 

running straight.  Utilization of the stance strategy occurs through recruitment of hip and ankle 

musculature to change direction.  Due to variety in the timing of stimuli during locomotion, the 

reliance on either strategy will exist on a continuum.  In theory, utilization of the swing strategy 
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would be more prevalent during preplanned movements.  An individual would preplan the 

placement of the COP location.  During unplanned movements, a greater reliance on stance 

strategy would be required due to temporal restrictions.  Due to a combination of change of 

direction and braking, the forced reliance on stance strategy to change direction may prove to 

generate greater forces than the lower extremity can safely dissipate.  This may help explain the 

gender differences in ACL injury rates since females have a lower baseline of strength due to 

focus on improved strength during prevention programs improving the gender differences in 

ACL injury rates.124, 167 

 

Conclusion 

Investigation into causes of the gender discrepancy in ACL injury rates has garnered much 

attention with little improvement.  This study represents the first attempt at investigating the 

anticipatory effects of cutting movements on the lower extremity using a sample composed of 

males and females.  Also, this is the first project to use approach speeds greater than 5.5 m/s with 

a sample composed of college aged recreational athletes.  Due to the combination of a relatively 

low skilled sample and difficult tasks, failure rates exceeded 50%.  Unanticipated movements 

were performed with increased hip flexion angles and greater hip adduction moments.  Similar to 

results from previous studies, participants accommodated for lacking the time to plan movements 

by utilizing a more versatile posture for cutting through decreasing the height of the COM and 

using similar moments at the hip and knee in the frontal plane.  These accommodations show the 

difficulty of preventing anticipation in the lab setting.  However, increased hip adduction 

moments were utilized during the unanticipated condition.  Hip adduction is a component of 

dynamic valgus, the purported injury mechanism for ACL injury.  Since recreational athletes 

possess the capacity to safely alter movement patterns during unanticipated conditions in the lab 
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setting, two recommendations can be made.  First, improvements for preventing anticipation in 

experiments are necessary to further understand how movements are controlled when lacking the 

time to preplan.  Second, unanticipated movements should be incorporated into training 

programs with anticipated movements.  The combination of using anticipated movements to 

teach correct alignment may provide a carryover affect into unanticipated movements.  Although 

our results provide positive evidence for the incorporation of unanticipated movements into 

training programs, further investigation is required under more diverse conditions and utilizing 

different movements. 

 For the present study, gender differences were found only in the frontal plane hip 

kinematics.  With the high failure rates, the possibility exists that we unintentionally biased our 

results due to only processing the successful trials.  Although the stringent requirements may 

have pushed the sample to the limits of their capacity to successfully change direction, a 

successful performance may have necessitated a similar movement strategy for both genders.  In 

order for a trial to be analyzed, the kinematics and kinetics employed by participants may have 

been required to be similar.  Therefore, we recommend the incorporation of unsuccessful trails 

into the analysis of future studies. 

 Regarding ACL injury, the crossover cut seemed to produce a more deleterious alignment 

than the side cut due to increased knee abduction and ankle pronation.  Similarly, the crossover 

cut seemed to have only been successfully performed by decreasing momentum through the 

performance of a preceding side cut.  The ramifications of this development are twofold.  First, 

ACL injury seems more likely to occur during a crossover cut that lacks a preceding side cut to 

safely decrease the momentum of movement.  Second, these results would disagree with the 

assertion that a signal for movement must be displayed at least two steps prior to a change in 
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direction.  Although the crossover cut seems to be less safe due to performance with a preceding 

accommodation step at high speeds, the side cut seems to be a more popular choice for research 

as more examples exist of the side cut in previous studies.  Therefore, we recommend more 

investigation of the crossover cut related to ACL injury. 
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APPENDIX A 
MANOVA TABLES FOR NONSIGNIFICANT RESULTS 

Kinematics 

Sagittal 

Comparison Wilks’ Λ F value P value 
Gender 0.685 1.690 0.171 
Direction 0.615 2.299 0.071 
Condition * Gender 0.836 0.719 0.650 
Condition * Direction 0.804 0.895 0.516 
Direction * Gender 0.738 1.359 0.272 
Gender * Condition * 
Direction 

0.781 1.074 0.407 

 
Frontal 

Comparison Wilks’ Λ F value P value 
Condition 0.921 0.316 0.921 
Condition * Gender 0.888 0.464 0.827 
Condition * Direction 0.549 3.153 0.221 
Direction * Gender 0.905 0.400 0.871 
Gender * Condition * 
Direction 

0.717 1.510 0.219 

 

Transverse 

Comparison Wilks’ Λ F value P value 
Condition 0.803 0.899 0.513 
Gender 0.766 1.121 0.382 
Condition * Gender 0.729 1.426 0.247 
Condition * Direction 0.686 1.755 0.153 
Direction * Gender 0.720 1.437 0.244 
Gender * Condition * 
Direction 

0.710 1.565 0.202 

 

Kinetics 

Sagittal 

Comparison Wilks’ Λ F value P value 
Gender 0.726 1.445 0.241 
Condition 0.726 1.448 0.240 
Condition * Direction 0.645 1.798 0.189 
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Condition * Gender 0.882 0.514 0.792 
Direction * Gender 0.793 1.003 0.447 
Gender * Condition * 
Direction 

0.802 0.949 0.480 

 
Frontal 

Comparison Wilks’ Λ F value P value 
Gender 0.662 1.956 0.114 
Condition * Gender 0.898 0.436 0.847 
Direction * Gender 0.823 0.827 0.561 
Gender * Condition * 
Direction 

0.654 2.025 0.103 

 

Transverse 

Comparison Wilks’ Λ F value P value 
Condition 0.758 1.225 0.330 
Gender 0.780 1.081 0.403 
Condition * Gender 0.934 0.270 0.945 
Condition * Direction 0.934 0.270 0.100 
Direction * Gender 0.817 0.859 0.539 
Gender * Condition * 
Direction 

0.786 1.043 0.424 
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APPENDIX B 
JOINT ANGLES AND MOMENTS 

a) b) c)  
 

d) e) f)  
 

g) h) i)  
 
Figure B-1.  Joint angles during stance phase for males (dotted, blue line) and females (solid, 

orange line) for a) hip sagittal plane b) hip frontal plane c) hip transverse plane d) 
knee sagittal plane e) knee frontal plane f) knee transverse plane g) ankle sagittal 
plane h) ankle frontal plane i) ankle transverse plane 
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a) b)  c)  

d) e) f)  

g) h) i)  

Figure B-2.  Joint moments during stance phase for males (blue line) and females (orange line) 
for a) hip sagittal plane b) hip frontal plane c) hip transverse plane d) knee sagittal 
plane e) knee frontal plane f) knee transverse plane g) ankle sagittal plane h) ankle 
frontal plane i) ankle transverse plane 
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a)   b) c)  

d) e) f)  

g) h) i)  

Figure B-3. Joint angles during stance phase for side cut (dotted, blue line) and crossover cut 
(solid, orange line) for a) hip sagittal plane b) hip frontal plane c) hip transverse plane 
d) knee sagittal plane e) knee frontal plane f) knee transverse plane g) ankle sagittal 
plane h) ankle frontal plane i) ankle transverse plane 
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a) b)  c)  

d)  e) f)  

g)  h) i)  

Figure B-4. Joint moments during stance phase for side cut (orange line) and crossover cut (blue 
line) for a) hip sagittal plane b) hip frontal plane c) hip transverse plane d) knee 
sagittal plane e) knee frontal plane f) knee transverse plane g) ankle sagittal plane h) 
ankle frontal plane i) ankle transverse plane 
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