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ABSTRACT 
 

Objective:  The purpose of the first study (Chapter II) was to investigate the effects of 
fatigue and gender on frontal plane knee motion during drop-jump landing.  Additionally, 
neuromuscular and ground reaction force performance characteristics that are thought to 
be related to the control of frontal plane knee motion were also investigated.  The purpose 
of the second study (Chapter III) was to examine the relationships between static 
anatomical structural characteristics and frontal plane knee motion.  Alterations in these 
relationships during fatigue were also investigated. 
 
Design of Chapter II:  A two factor mixed repeated measures design was used to 
evaluate the gender and fatigue effects.  Subjects were tested in a pre-fatigue state and 
then again in a fatigued state.  A 2 X 2 mixed design repeated measures multivariate 
analysis of variance (MANOVA), with gender as the between-subjects factor and fatigue 
as the within-subjects factor, was performed.  Fatigue, gender, and fatigue by gender 
interaction were tested at α = 0.05.  Univariate F-tests of the dependent variables were 
undertaken to establish where significance was present. 
 
Design of Chapter III:  A correlation matrix was constructed to determine the 
relationship among the dependent variables and between the dependent and independent 
variables.  Following generation of the correlation matrix the two variables that showed 
the highest positive relationship were used in a linear regression model to determine the 
predictive value of the variables. 
 
Subjects:  Twenty-six (14 women and 12 men) healthy active volunteers of average 
height and weight, between the ages of 18 and 35 years old, participated in the study. 
 
Measurements for Chapter II:  All subjects completed 10 pre-fatigue landings from a 
50cm height onto a force platform.  The fatigue protocol followed and included repeated 
bouts of isometric contractions of the quadriceps in the squat position with the knee 
flexed to 60°.  Subjects were deemed adequately fatigued when there force production 
fell below 50% MVC.  Kinematic data was collected for frontal plane knee motion with 
an electric goniometer.  Kinetic data was collected from the force platform on which the 
subjects landed.  Surface EMG was collected from 5 muscles: vastus medialis, vastus 
lateralis, medial hamstring, lateral hamstring, and lateral gastrocnemius. 
 
Measurements for Chapter III:  Four clinical measurements were taken: QA, ND, 
TFA, FT. 
 
Results Chapter II:  The fatigue affect showed significance for the peak ground reaction 
force (F1,24 = 15.89; p < 0.05).  No other variables were significant for a fatigue effect.  
No variables were significant for a gender effect.  A significant interaction between 
fatigue and gender was found for the following variable: valgus range of motion from 
contact to maximum knee flexion (F1,24 = 7.35; p < 0.05), all other variables were non-
significant. 
 

Texas Tech University, Michael P. Smith, August 2005



vii 

Results Chapter III:  The correlation matrix for the non-fatigue group data revealed a 
significant relationship between FP30 and TFA (r = 0.39) and a significant positive 
relationship between FProm30 and TFA (r = 0.33) for the group.  The correlation matrix 
for the fatigue group data revealed a significant positive relationship between FProm30 
and TFA (r = 0.35) for the group.  The correltation matrix for the men (non-fatigue) 
revealed a significant positive relationship between; FPmax and QA (r=0.61), FP30 and 
QA (r=0.55), and FPrommax and QA (r=0.51).  During the fatigue condition, however, 
there were no significant relationships between the variables for the men.  The correlation 
matrix for the women (non-fatigue) revealed a significant positive relationship between 
FProm30 and TFA (r=0.49).  During the fatigue condition there were no significant 
relationships found for the women.  None of the regression models yielded significant 
results. 
 
Conclusion:  The results of this study are inconclusive.  Peak ground reaction force 
significantly decreased with fatigue.  This is probably due to altered landing strategies 
during the fatigued state.  Although some clinical measures had significant positive 
correlations with frontal plane motions, none were found to be predictors of frontal plane 
motion.  More research needs to be done in order to further examine the frontal plane 
motion variables and to determine the role they play in non-contact ACL injuries. 
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CHAPTER I 

INTRODUCTION 

Statement of the Problem 
 

Anterior cruciate ligament (ACL) injuries are devastating events for anyone.  

Recent literature has identified potential preventative measures capable of decreasing the 

number of ACL injuries.1  The majority of research has focused on individuals who 

participate in either interscholastic sports or intercollegiate sports.  Recreational athletes, 

however, also are susceptible to this catastrophic injury and need to be examined. 

It has been reported that 70% of all ACL injuries are a result of a non-contact 

mechanism.4,5  Investigators have demonstrated that women tear their ACL more 

frequently than men.  Because the reason for this is unclear, investigators have explored 

many possible causes including anatomical differences,6-9 mechanical differences,10-13 

and hormonal differences.14,15  Research results have shown that women exhibit greater 

knee motion in the frontal plane than their male counterparts when landing from a jump 

(Hewett et al., 1996).  Knee motion in the frontal plane has been shown to increase the 

stress on the ACL (Markolf 95).  Increased frontal plane motion may predispose the ACL 

to injury.  Hewett et al.1 (1999) has shown that neuromuscular training can decrease 

valgus motion of the knee.  Hewett et al.1 (1999) also correlated decreased valgus motion 

with a decrease in ACL injuries among high school girls.  However, effects of fatigue on 

frontal plane motion of the knee have not been investigated to date.   

Most injuries occur in the second half of an athletic event,5 when fatigue is 

present.  Identifying fatigue as a potential risk factor for an ACL injury may allow for the 

development of improved prevention strategies.  Other factors, such as anatomical 
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abnormalities also may play a role in increasing stress on the ACL.  Currently, with the 

exception of excessive subtalar pronation and genu recurvatum, there are no clear clinical 

measures to identify at risk athletes.   

Identifying increased frontal plane motion of the knee and correlating other 

skeletal malalignments may lead to identifying athletes at risk, which may lead to 

decreased ACL injury rate.  Research has focused primarily on women and why they tear 

their ACL at a higher rate.  However, do men who exhibit the same factors have an 

increased risk of ACL tear? 

Non-contact ACL injuries are a multifactorial problem.  Understanding these 

factors could provide one piece of the complex puzzle.  Understanding the role of fatigue 

on dynamic valgus of the knee joints may lead to improved preventative measures.  

Prevention programs can be disseminated through continuing education courses for allied 

health professionals potentially reducing the risk of non-contact ACL injuries.  

Identification of skeletal malalignments as predictors of excessive frontal plane motion 

may allow allied health care professionals to identify those patients that may be at risk for 

non-contact ACL injuries. 

Two separate studies were conducted to investigate the potential ACL injury risk 

factors during drop-jump landing.  The purpose of the first study (Chapter II) was to 

investigate the effects of fatigue and gender on frontal plane knee motion during drop-

jump landing.  Additionally, neuromuscular and ground reaction force performance 

characteristics that are thought to be related to the control of frontal plane knee motion 

were also investigated.  The purpose of the second study (Chapter III) was to examine the 
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relationships between static anatomical structural characteristics and frontal plane knee 

motion.  Alterations in these relationships during fatigue were also investigated. 

 The following dissertation will contain four chapters.  The first chapter is an 

extensive review of the literature pertaining to the purpose statements above.  The 

following two chapters are individual manuscripts prepared for publication.  The fourth 

chapter is a discussion and conclusion chapter that also indicates implications of the 

research along with suggestions for future research. 

Limitations of the Study 

 The following limitations apply to the studies: 

1. Small sample size may have contributed to the lack of significance and the 

large variance found through out the analysis. 

2. The study only recruited subjects from the campus at which the study was 

conducted.  Although each subject fit the inclusion criteria, it is recognized 

that it may not truly represent all recreational athletes. 

3. The definition of recreational athlete was obtained from a previous 

publication.  This definition requires the subject to self-report their activity.  It 

is recognized that there may be inaccurate reporting by the subject. 

4. The type of fatigue elicited may not be representative of the type of fatigue 

present during recreational activities.  The type of fatigue employed in the 

study was local fatigue.  A general fatigue protocol may be more realistic. 

5. The clinical measurements taken in chapter III had the subjects in a static 

position that do not accurately reflect the dynamic nature of athletic activity. 
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Delimitations of the Study: 

 The following delimitations apply to the studies: 

1. The sample was restricted to recreational athletes and therefore cannot be 

applied to those who do not meet this specific criterion. 

2. Age of the subjects was restricted to 18 – 35 years old. 

 

Definitions 

1. Frontal Plane – the vertical plane that divides the body into anterior and posterior 

portions 

2. Sagittal Plane – the vertical plane that divides the body into left and right halves 

3. Transverse Plane – a plane across the body at right angles to the frontal and 

sagittal planes dividing the body into upper and lower portions 

4. Valgus – laxity on the medial side of the knee joint characterized by the tibia 

deviating laterally from the long axis of the femur 

5. Varus – laxity on the lateral side of the knee joint characterized by the tibia 

deviating medially from the long axis of the femur 

6. Range of Motion (ROM) – the total number of degrees a joint can move 

7. FPmax (frontal plane angle at maximum knee flexion angle) – the angle measured 

in the frontal plane when the knee is at its maximum flexion angle during the 

landing maneuver 

8. FP30 (frontal plane angle at 30 degrees of knee flexion) – the angle measured in 

the frontal plane when the knee is at its maximum flexion angle during the 

landing maneuver 
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9. FProm30 - the amount of ROM that occurs in the frontal plane from initial contact 

of the landing maneuver to 30 degrees of knee flexion 

10. FPrommax – the amount of ROM that occurs in the frontal plane from initial 

contact of the landing maneuver to maximum knee flexion 

11. Pkf (Peak Vertical Ground Reaction Force) – the force provided by the ground 

that acts vertical through the subject 

12. QA (quadriceps angle) - the relationship between the quadriceps muscles, patellar 

tendon and the patella; it has also been described as a method of measure the knee 

joint angle in the frontal plane 

13. ND (navicular drop) – method for measuring subtalar joint pronation 

14. TFA (thigh-foot angle) – method for measuring tibial torsion 

15. FT (Femoral torsion) – the degree to which the femoral neck is rotated either 

anteriorly or posteriorly 

16. Kinematics – the study of the movements of the different parts of the body 

without reference to the forces causing the movements 

17. Kinetics – the study of the forces acting on the body 
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Literature Review 

 Injuries to the anterior cruciate ligament (ACL) are a devastating event.  Seventy 

percent of all ACL injuries are athletically related.1  Women tear their ACL 2-8 times 

more frequently than men.2  Numerous studies have investigated the possible reasons 

why there is such a discrepancy between the sexes.  The proposed causes of ACL injuries 

are multifactorial, involving anatomical,3-6 biomechanical,7-10 and physiological 

characteristics.11,12  Colby1 reported that 70% of all ACL tears occur as a result of a non-

contact mechanism.  The mechanism of ACL injury almost always involves a sudden 

deceleration and/or change in direction that occurs during a cutting or a landing 

maneuver.6,8   

 This literature review is divided into seven sections.  The first section will review 

ACL injury mechanisms.  The second section will discuss ACL injury risk factors.  The 

third section will address the normal kinematics of the knee joint and justify why 

investigating the frontal plane is important for studying ACL injuries.  The fourth section 

will discuss the normal proprioception and neuromuscular control mechanisms around 

the knee.  The fifth section will examine the vertical ground reaction forces (GRF) and 

how they influence the knee joint.  The sixth section will discuss the effects of fatigue on 

knee proprioception, neuromuscular control of the knee, frontal plane knee kinematics, 

and vertical GRF and how fatigue may contribute to ACL injuries.  The last section will 

identify anatomical alignment measurements that may be related to ACL injury.   
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1.1 ACL Injury Mechanism 

 Loading a tissue to failure is the mechanism for any ligament injury.  The strength 

of the tissue and the forces placed on the tissue will determine when injury occurs.  

Loading conditions of the ACL have been investigated and revealed interesting results.  

Markolf et al.9 (1995) reported increased force in the ACL when an anterior tibial force 

was applied in all ranges of motion.  The load measured in the ligament was equal to the 

anterior load applied to the tibia when the knee was positioned at approximately 30° of 

flexion and when the knee was close to full extension the load within the ligament 

measured 150% of the load applied to the tibia.9  While this is informative, McLean et 

al.13 (2004), in an experiment using subject-specific forward dynamic musculoskeletal 

models from ten female and ten male athletes, reported that knee joint forces in the 

sagittal plane are not high enough to cause an ACL rupture during a sidestep cutting 

maneuver.  Markolf et al.9 (1995) reported that when motions are combined from the 

sagittal, frontal, and transverse planes there is an additive effect and the ligament forces 

are much higher than any of the forces alone.  When an anterior tibial force is combined 

with a valgus or varus moment a dangerous load is placed on the ACL.9  The greatest risk 

to the ACL is reported to be an anterior tibial force along with tibial internal rotation with 

a valgus or varus load.9  These combined motions increase the tensile force of the ACL 

most when the knee is flexed less than 20°.9  Markolf et al.9 (1995) also noted that force 

was reduced in the ACL when the knee flexed greater than 40°. 

 Pflum et al.14 (2004) reported, in a study of ACL forces during drop-landings, 

tibiofemoral contact forces during weight bearing increase the anterior shear force of the 

knee because of the posterior angle of inclination of the tibia (~ 8-10 degrees).  Pflum et 
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al.14, also reported that anterior shear forces due to the pull of the quadriceps tendon was 

in and of it self, insignificant to the loading of the ligament but in addition to the 

tibiofemoral contact forces and ground reaction forces significant loading of the ligament 

can occur.  The vertical ground reaction force from a drop landing will travel posterior to 

the tibia and the knee joint causing a posterior moment.  This posterior moment causes a 

posterior shift in the tibia which in turn increases the anterior shear force of the knee due 

to the increased angle of the patella tendon and the tibia.14 

 Ligament loading is a complex factor.  The research available suggests that ACL 

ligament loading is determined by: combined kinematics, ground reaction forces, 

muscular forces (or lack thereof), and joint contact forces.   

 

1.2 ACL Injury Risk Factors 

 The reported mechanisms for most non-contact ACL injuries are remarkably 

similar.  They include a small knee flexion angle at contact (< 30°), tibial internal 

rotation, and possibly an accompanying valgus motion.15  A retrospective study by Boden 

et al.15 (2000) reported that 72% of the patients interviewed about their ACL injury 

reported a non-contact mechanism.  Boden et al. 15 (2000) also was able to review 

videotape of 27 ACL injuries.  It was noticed that 65% of the videotaped injuries were 

non-contact and all were at foot strike with the knee close to extension.15  Also, excessive 

dynamic valgus was visible in most of those injuries.15  When the knee is close to 

extension at foot strike, the hamstrings are at a mechanical disadvantage, and therefore, 

cannot help minimize anterior shear force at the knee.16  An interesting finding is the 

valgus collapse aspect of the mechanism. 
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Research results have shown that women exhibit greater knee motion in the 

frontal plane than their male counterparts when landing from a jump.17  This knee motion 

in the frontal plane is referred to as dynamic valgus.  Increased dynamic valgus places 

higher stress on the ACL and may predispose the ligament to injury.9  Fatigue may also 

play a role in increasing dynamic valgus.  Changes in neuromuscular control may alter 

the ability of the quadriceps and hamstrings from protecting the knee during an injurious 

event.18  Ground reaction forces (GRF) can contribute to osseous and ligamentous 

injuries of the knee.  An increase in GRF may be a result of altered landing strategies 

thereby placing more stress across the ACL.19,20  It has been shown that as a person 

fatigues they alter their landing strategies in order to absorb the GRF more efficiently.20-22  

A clearer understanding of the relationship between fatigue, GRF, and dynamic valgus 

may aid in developing prevention strategies.  A more detailed analysis of the literature on 

these topics will be presented in later sections. 

 Skeletal malalignments in females often is associated with ACL injuries.  Those 

malalignments include; excessive subtalar joint pronation, increased quadriceps (Q)-

angle, pelvis width, knee joint laxity, tibial torsion, genu recurvatum, and femoral torsion.  

These malalignments have been implicated as possible contributors to ACL non-contact 

injuries.     

It is clear that non-contact ACL injuries are a multifactorial problem.  The injury 

patterns observed are consistent with the loading of the ACL.  Therefore, these 

movements can be considered risk factors and worthy of further investigation.  The scope 

of this dissertation is to investigate several of the factors (dynamic frontal plane motion, 

GRF, fatigue, skeletal malalignments) implicated in ACL injury from a landing.  Landing 
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from a height is a common occurrence in sports and other recreational activities; 

therefore, it will serve as a useful functional model for investigation of the above 

mentioned factors.  Further review of the literature on these topics is presented later in the 

paper.   

 

1.3 Normal Knee Joint Kinematics 

 The knee joint is a combination of two joints; patellofemoral joint and 

tibiofemoral joint.  The patellofemoral joint is a gliding joint that aides in the mechanical 

advantage of the quadriceps muscle group while at the same time protecting the knee 

joint.  While the patellofemoral joint experiences a plethora of pathologies the rest of this 

dissertation will only discuss the tibiofemoral joint.  Therefore, the term knee joint will 

refer to the tibiofemoral joint from now on. 

The knee joint has been commonly referred to as a hinge joint that only allows 

one degree of freedom (flexion/extension in the sagittal plane).  However, due to its 

complexity, it is actually a dual condyloid joint that allows three rotational degrees of 

freedom (flexion/extension, medial/lateral rotation, and abduction/adduction).  In fact 

when the knee joint moves into terminal extension the tibia externally rotates to “lock” 

the joint thereby increasing joint stability.  This occurs because the medial femoral 

condyle is longer than the lateral femoral condyle.  As the tibia swings into extension the 

terminal sulcus of the lateral femoral condyle wedges itself against the anterior horn of 

the lateral meniscus.  This allows the tibia to externally rotate and the medial femoral 

condyle to fully articulate with the medial tibial condyle.  This is known as the screw-

home mechanism.  Upon initiation of flexion the knee joint “unlocks” by the tibia 
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moving into internal rotation.  These rotations are made possible by the ACL and PCL.  

The cruciates act as the pivot point for rotational motion of the knee.  The majority of 

motion that occurs is flexion and extension in the sagittal plane.  Normal range of motion 

(ROM) in the sagittal plane is approximately 135-140° of flexion and 2-5° of 

hyperextension.23   

During flexion and extension there are obligatory motions of rolling and sliding.  

These motions occur because the instant center pathway moves posteriorly.24  This 

mechanism prevents the femur from rolling off the posterior aspect of the tibia.24  As the 

instant center pathway moves posteriorly the femoral condyles roll posteriorly and 

concomitantly slide anteriorly thereby keeping maximum congruency of the knee joint.24  

The ACL and PCL act as the “guide wires” to allow this gliding to occur.  Disruption of 

the ACL, PCL, or both will disrupt this mechanism as well as the screw-home 

mechanism.  This may result in further pathology of the knee joint such as; meniscal 

tears, early onset of joint degeneration (arthritis), or loose bodies.25   

Movement of the leg from full extension to 90° of flexion results in 

approximately 20° of lateral femoral rotation (or medial tibial rotation).23  Total rotation 

of the tibia on the femur has been reported to be as great as 80°.26  Through the knee 

flexion ROM approximately 5° of femoral abduction (valgus) will occur, which is about 

the maximum abduction available.23  There also appears to be minimal anterior/posterior 

translation of the tibia and femur during the normal ROM, however, these motions are 

thought to be very small (≤ 2.0 cm).23   
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1.3.1 Knee Kinematics and Gender 

 Knee joint kinematics vary between women and men.  Standard ROM 

measurements are equal for women and men but during athletic tasks differences occur.  

Ferber et al.27 (2003) investigated gender differences in lower extremity mechanics 

during running.  It was reported that the female subjects exhibited greater knee abduction 

position during the stance phase and greater knee external rotation.27  They did not find a 

significant difference in the sagittal plane.27  Malinzak et al.28 (2001) reported that 

women exhibited less knee flexion than their male counterparts during selective athletic 

tasks (running, side-cutting, and cross-cutting).  They also reported a significant 

difference for frontal plane motion of the knee.28  The female subjects displayed an 

average of 11° more valgus than the men.28  A valgus angle of greater than 5° has been 

reported to increase the loading of the ACL up to six times more than if the valgus angle 

was 0°.28,29 

 Sidestep cutting and cross-over cutting maneuvers are common athletic tasks.  

There have been many investigations of these tasks in regards to knee kinematics in men 

and women.  McLean et al.13 (2004) found that women displayed larger peak valgus 

angles and smaller knee flexion angles and internal rotation angles when compared to 

men during a sidestep cutting maneuver.  Internal rotation of the tibia has been descrisbed 

as a loading mechanism of the ACL.9  The results of the McLean study13 suggest that the 

increased valgus is more of  risk factor than internal rotation of the tibia.  James et al.6 

(2004) also reported significantly less knee flexion for women when compared to men 

during a sprint and cut maneuver.  Colby et al.1 (2000) reported that subjects landed with 

an average of 22° of knee flexion during a sidestep cutting maneuver and 22° for cross-
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cut maneuver.  Women and men were both included in the study but comparisons of the 

genders were not made.  The knee angle at landing during these two maneuvers places 

the ACL at potential risk for injury.  A knee flexion angle of less than 30° allows the 

quadriceps to place a significant anterior shear force across the knee while the hamstrings 

are actively insufficient.30  If other loading conditions (as discussed above) are present 

the ACL may be at an increased risk for injury. 

 Zeller et al.31 (2003) investigated the kinematics of men and women during a 

single-legged squat.  It was determined that there are significant differences in the single-

legged squat kinematics between men and women.31  It was reported that women started 

in a more valgus position and remained in a more valgus position throughout the squat 

motion.31  Zeller et al.31 also reported that women had a larger ROM in the sagittal plane 

but it was not statistically significant.   

 Kinematic differences between the genders have been reported for landing 

activities as well.  Landing is an important functional task performed many times during 

an athletic event.  Anytime a jump is performed during activity gravity will force the 

subject to land.  Many injuries occur during the landing event.  Gray et al.32 reported that 

58% of injured female athletes surveyed reported their injury occurred during landing.  

Gerbericj et al.33 (1987) reported that 63% of the injured players identified the landing 

task at the time in which their injury occurred.  Because so many injuries have occurred 

during landing a plethora of research has been done to investigate the risks of landing.  

One area in particular is the difference in kinematics between men and women during 

landing. 
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 Hewett7 (1996) found that female athletes, regardless of their training level, 

exhibited excessive frontal plane motion (dynamic valgus) at the knee when dropping 

from a 60 cm platform.  Men did not show this tendency.  Valgus angle at the knee 

greater than 5° can place a significant load on the ACL.9,29  Decker et al.8 (2003) 

investigated gender differences in the lower extremity during landing.  They reported that 

females landed with less knee flexion at contact but overall had greater knee flexion 

ROM than their male counterparts.8  The average contact angle for the knee joint was 

22.8° for women and 30.0° for men.8  Both men and women landed in the danger zone of 

30° or less.  This does not necessarily determine if someone is at greater risk for an ACL 

injury, but in the presence of other pathologic loading conditions an ACL injury can 

occur.   

 Ford et al.34 (2003) compared valgus knee motion of female and male high school 

basketball players during a landing.  They reported that the female subjects displayed 

significantly higher maximum valgus angles than their male counterparts.34  Another 

interesting finding reported was the female subjects demonstrated significantly greater 

valgus angles on their dominate leg when compared to their non-dominate leg.34  The 

male subjects did not display this characteristic.34  Although this study used high school 

aged subjects, it can still be useful in extrapolating the results to the recreational college 

population.   

Hewett et al.35 (2004) reported that females athletes lose neuromuscular control as 

they mature and exhibit increased valgus motion at the knee when compared to immature 

subjects.  Hewett evaluated three groups of female subjects (prepubertal 11.5 ± 0.7; early 

pubertal 12.6 ± 1.1; post pubertal 15.5 ± 1.5) and three groups of male subjects 
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(prepubertal 12.0 ± 0.6; early pubertal 14.2 ± 1.4; post pubertal 15.8 ± 1.7).35  Hewett 

reported that valgus knee motion was similar between the girls and boys of the first two 

categories.35  However, when comparing the post pubertal female subjects to the post 

pubertal male subjects the female subjects exhibited significantly greater valgus motion 

at the knee joint.35  The understanding that post pubertal female subjects increase their 

valgus motion can allow the extrapolation of data from high school subjects to college 

subjects.   

 

1.4 Proprioception and Neuromuscular Control of the Knee 

 Proprioception and neuromuscular control are two distinct mechanisms that 

complement each other in the processes of postural stability and joint stability.  The term 

sensorimotor system has been coined by the participants of the Foundation of Sports 

Medicine Education and Research workshop in 1997.36  The term is meant to describe the 

sensory, motor, and central integration and processing components involved in 

maintaining functional joint stability.36 

Proprioception is the ability to interpret afferent input from the peripheral areas of 

the body that aids in postural control, joint stability, and several conscious sensations36.  

Neuromuscular control as defined by Rienmann & Lephart,36 “is the unconscious 

activation of dynamic stabilizers in preparation for and response to joint loading and 

motion for the purpose of maintaining and restoring functional joint stability”.  From the 

definitions of proprioception and neuromuscular control, it becomes apparent that they 

are essential for each other to function properly.  
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1.4.1 Proprioception of the Knee 

 Proprioception is the sensory portion of the sensorimotor system.  There are many 

sensory receptors located within joints, muscles, tendons, and ligaments that provide 

feedback to the higher cortical centers providing postural and joint stability.  Specifically, 

the knee joint has several different types of receptors that play an important role in 

relaying proprioceptive information.37  The knee joint contains: pacinian corpuscles, 

golgi tendon organlike endings, Ruffini endings, muscle spindles, and bare nerve 

endings.37 

 Bare nerve endings are thin unmyelinated nerve fibers.  They most likely relay 

pain sensations to the central nervous system.37  Pacinian corpuscles are conical in shape 

with an encapsulated tip that resembles the layers of an onion.37  They are found in the 

deep layers of the joint capsule of the knee, the cruciate ligaments, collateral ligaments, 

meniscofemoral ligaments, menisci, and the fat pad of the knee.37,38  Pacinian corpuscles 

are the most rapidly adapting of the sensory fibers.37,38  They respond to small changes in 

acceleration and deceleration of the knee joint and are considered to behave as pure 

dynamic mechanoreceptors.37,38  They are not active during static conditions or constant 

speeds.37,38 

 Ruffini endings are numerous in the knee joint and occupy the same structures as 

the pacinian corpuscles.37,38  The Ruffini endings have a low threshold to mechanical 

stress but differ from the pacinian corpuscles by adapting to the stimuli slowly.37,38  Golgi 

tendon organlike endings are located intrarticular as well as extra-articular.37,38  The golgi 

tendon organlike endings of the knee joint are found in the cruciate ligaments, collateral 

ligaments, and menisci.37,38  The golgi tendonlike organs are also found in the muscle 
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tendons that surround the knee joint.37,38  The intra-articular golgi tendon organlike 

endings detect joint angle.37,38  The extra-articular endings signal force developed by the 

muscle.37  All golgi tendon organlike endings are slow adapting and have a high 

threshold to mechanical deformation.37   

 The muscle spindle is a complex motor neuron that responds to sensory 

discharges from the above mentioned mechanoreceptors.  The muscle spindle is a 

specialized muscle fiber that lies within normal muscle fibers.37,38  It differs, not only by 

size, but by the sensitive sensory endings that surround the muscle fiber.37,38  The fibers 

that lie at the central aspect of the spindle are known as alpha (α) motor neurons and they 

are highly sensitive to stretching of the muscle belly.37  The sensory fibers that lie on the 

lateral aspect of the muscle fiber are called gamma (γ) motor neurons.37,38  These γ motor 

neurons are responsible for muscle shortening.37,38  Both α and γ motor neurons can relay 

information to the central nervous system regarding the velocity and acceleration of the 

elongation of the muscle.37,38 

 

1.4.2 Protective Effects of Sensorimotor System 

 Mechanoreceptors within the knee joint relay information about acceleration, 

velocity, pressure, and other loading conditions to the central nervous system for 

processing.38  These afferent signals to the CNS allow for our normal postural stability, 

movements, and coordination.38  The afferent signals affect muscle coordination through 

the α-γ motor neurons.38 It has been reported that low levels of ligament loading, in cat 

knees stimulated significant fusimotor effects resulting in muscle contraction.38  This 

same study also reported that the α-γ motor neurons fired when a load of only 1.5 – 5% of 
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the ligaments ultimate strength indicating that the motorneurons are acting as protective 

mechanisms to joint loading.38 

 Muscle stiffness is another important mechanism needed for optimal performance 

and protection from injury.39  Too much muscle stiffness often is associated with bone 

injuries (e.g. stress fractures) whereas too little stiffness is associated with soft tissue 

injuries (e.g. ligament and tendon).40  Muscle stiffness is dependent on both the 

viscoelastic properties of the tissue and the excitability of the corresponding α motor 

neuron.38  Loading of the tissues within the knee joint can send signals via the pacinian 

corpuscles and Ruffini endings to the muscle spindle resulting in muscle contraction and 

increased stiffness around the knee joint.38  This demonstrates the protective function of 

the sensory organs within the knee joint. 

 

1.4.3 Neuromuscular Control of the Knee 

 Neuromuscular control of any joint is an interaction between the nervous system 

and the muscular system.  Neuromuscular control is dependent on the accuracy of the 

afferent information received by the central nervous system.  Therefore, it would be 

almost impossible to describe neuromuscular control of the knee without including the 

sensory aspect of the system. 

 Proprioception plays a major role in the neuromuscular control of joints.  

Riemann & Lephart41 (2002) describe two categories in which proprioceptive information 

in neuromuscular control can be separated.  The first category involves the ability of the 

proprioceptors to alter motor programs to adjust to unexpected perturbations in the 

external environment.41  The ability of the joint proprioceptors to respond to alterations in 
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the external environment protects joints from injury.41  The second category is the role 

proprioception plays in the planning and modification of internally generated motor 

commands.41  Proprioception plays a major role in functional joint stability.41  

Proprioception provides the information needed for neuromuscular control to protect the 

joints.41  There are a couple of different theories that describe the role of proprioception 

in neuromuscular control.41  While both have been shown to be effective in activiating 

the neuromuscular system, they have also been shown to be ineffective.41  This probably 

means it is a combination of both systems or with other systems yet to be discovered. 

 Neuromusuclar control aims to provide or restore joint stability.41  One of the 

major tenets of neuromuscular control and its effect on joint stability is the direct 

stimulation of the α motor neurons.41  This has given rise to the ligament-muscle reflex 

theory.41  This theory suggests that deforming the ligament and/or joint capsule will 

activate the α motor neurons which will in turn activate the muscles increasing joint 

stability.41  There have been controversial findings, however, with this theory.  Several 

studies have looked at the peroneal muscles and their ability to contract and protect the 

ankle.41  Some of the studies showed increase latencies of the peroneal muscles while 

others did not.41  Another argument presented against the ligament-muscle reflex is the 

fact that the α motor neuron system has too high of a threshold and will only become 

activated once tissue damage has occurred.38  More recent literature suggests, however, 

that it is the γ motor neurons that activate the muscle spindles in the ligament-muscle 

reflex and not the α motor neurons.38  The γ motor neuron has a lower threshold to 

stimulus and therefore can respond quicker than the α motor neuron.38 
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Solomonow37 (2001) reports the activation of the semimembranousus muscle 

during surgery while the ACL is being pulled on manually.  This may be an indication 

that strectching of a structure containing proprioceptors will activiate the neuromuscular 

system.  However, even if this is the case Riemann41 (2002) reports that the latencies are 

so large that they cannot protect the joint.   

Although the α motor neurons have been implicated in activation of the muscle 

spindle, Freeman and Wyke42 have attributed the increased activity to the activation of 

the γ motor neuron.  Several studies since Freeman and Wyke’s report have corroborated 

the hypothesis.38  Heightened muscle spindle sensitivity from the activation of 

proprioceptors, which stimulate the γ motor neurns, plays an important role in joint 

stability.  One way in which stability is achieved is through increased joint stiffness as a 

result of increased muscle stiffness.  McNair et al.43 (1994) found a moderate correlation 

between hamstring stiffness and functional ability in ACL-deficient patients.  Tissue 

stiffness can therefore be attributed to increasing joint stiffness thereby decreasing the 

risk of injury to the joint even when the static restraints are damaged.   

Muscles transmit loads as they receive them.  As these loads are transmitted, they 

load the muscle spindles which in turn activate the reflex pathways which reduce the lag 

time between muscle contractions.  By decreasing the lag time the protective reflex is 

more capable of protecting the joint either through reflexive contractions, increased 

muscle stiffness (which then increases joint stiffness) or both.41  According to Riemann & 

Lephart41 (2002) higher motor control centers have been credited with compensating for 

static restraint insufficiency which thereby increases the joint stiffness.   
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Rodacki et al.44 (2001) investigated the effects of fatigue on the lower extremity 

coordination.  It was reported that knee stiffness was significantly greater in the presence 

of fatigue when compared to the pre-fatigue conditions.44  The type of fatigue seemed to 

be more localized than general and therefore supports the findings of Miura (2004).45  

Miura45 (2004) supports the influence of higher motor control centers on reflexes and 

joint stiffness.  Miura45 states that fatigue of a local joint will still allow the activation of 

the higher motor centers, which will allow the muscle reflexes to fire around a joint 

thereby increasing the stiffness and protecting the joint from injury.  However, if an 

individuals entire system is fatigued (general fatigue), those reflex pathways to the higher 

motor control centers may become compromised and make an individual more 

susceptible to injury.45 

 

1.4.4 EMG and Neuromuscular Control 

 Surface electromyography (sEMG) is a tool that measures the electrical activity of 

a muscle or muscle group as it contracts and does work.46  It is an objective tool to 

determine the function of a muscle.  It is not a measure of muscle force but it can 

measure muscle timing (onset and offset) and amplitude which can provide information 

about the neuromuscular control mechanisms of the body.46 

 Timing of the EMG signal allows detection of the muscle activity at specific 

points during an activity.  Timing is used to determine reaction times and reflex times of 

muscle.46  It can also be used to determine latency periods of muscle contractions.  

Reaction time is an important aspect of an athletes ability to perform.46  In addition to 

performance, reaction time can be an important variable in preventing injury to an 
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athlete.  Reaction time allows an athlete to start and stop instantly, as well as change 

direction immediately.47  Both are characteristics that would allow an athlete to avoid 

danger or injury.   

 Another component of timing and sEMG signals is reflex times.  Surface 

electromyography is capable of measuring reflex times.  Reflex time can be fractionated 

into reflex latencies and motor time components.46  Latency of a reflex provides 

information on the ability of a muscle or muscle group to protect a joint.46  Myers et al.48 

(2003) reported that muscle reflex latency is small enough to stimulate a protective 

muscle contraction during active movements.  This mechanism is facilitated by the γ 

motor neuron which increases the sensitivity of the muscle spindle.48  This mechanism 

has also been described for the knee as described in section 1.4.3 of this document.  

Dhaher et al.49 (2003) recorded reflex activity around the knee to determine if the timing 

of the reflexes could protect the knee from a valgus perturbation.  This is just one 

example of the usefulness of timing in sEMG research. 

 Amplitude is another common variable measured from sEMG.  Surface 

electromyography amplitude can be defined as the maximum absolute value reached by a 

voltage.50  Commonly used measures to quantify amplitude are: peak to peak, integral 

averaging, and root mean square (RMS).  Peak to peak measures the muscle energy from 

the raw sEMG signal which is averaged over a period of time46.  Integal average is 

simply the arithmetic mean of the rectified signal for a period of time.46  They reported 

that valgus knee perturbations evoked reflex activity of the major knee musculature as a 

result of collateral ligament loading.49  This represents approximately 0.637 of one half of 

the peak to peak value.46   
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The mathematical expression is below: 
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where T is the period time of integration.46  RMS is a commonly used technique because 

it is thought to have less distortion as it converts an analog signal to a digital signal.46  

The quantification of RMS is achieved by squaring the data, summing the squares, 

dividing the sum by the number of observations, and finally taking the square root.46  

RMS represents 0.707 of one half of the peak to peak value and represented by the 

following equation: 
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where T is the period time of integration. 

 Root mean square is often used to determine force produced by a muscle.  White 

et al.51 (2003) investigated the relationship of muscle force and RMS between men and 

women.  They reported that the RMS for quadriceps coactivation in women was higher 

during knee flexion movements which indicate that women are more “quadriceps” 

dominant making them more susceptible to ACL injury.51  This study is a good example 

of the benefit of RMS in sEMG research. 

 

1.4.5 Gender, Proprioception, and Neuromuscular Control 

 Much research has been devoted to the kinematics and kinetics of the knee joint.  

Many studies have attempted to identify similarities and/or differences between males 

and females.  These studies have focused primarily on muscle firing patterns during 

various functional maneuvers.  Chappell et al. (2002) reported that female recreational 
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athletes exhibited greater knee extension and valgus moments than did their male 

counterparts during the landing phase of a stop-jump task.  A study by Besier et al.53 

(2003) reported that during running and cutting maneuvers male subjects exhibited 

significantly lower muscle activation during unanticipated conditions.  This resulted in 

less stiffness in varus/valgus at the knee and internal/external rotation of the tibia, which 

could lead to less neuromuscular control of the knee joint.53  This has implications for the 

mechanism of non-contact ACL injuries.  Zhang et al.54 (2001) reported that active varus 

strength at 5° valgus position was significantly less than active valgus strength at 5° varus 

position.  This indicates that the knee is weaker with a valgus force applied, therefore, if 

the knee is loaded in a valgus position and there are abnormal muscle firing patterns the 

knee joint may not be protected from injury by reflex responses.  McLean et al.10 (1999) 

reported that gender differences in knee kinematics during cutting maneuvers did not 

contribute to increased risk of non-contact ACL injuries in females compared to males.  

What was found in this study was that experience level, regardless of gender, was the key 

determinant of knee kinematic variability.10  This may suggest that gender does not 

influence ACL injury but those who exhibit certain characteristics (male or female) are at 

an increased risk for non-contact ACL injury.10   

 Results have been reported that women have a decreased ability to protect the 

passive structures of the knee in anterior tibial translation.11  The Wojtys11 study only 

examined the knee in the sagittal plane and did not examine the knee during functional 

activities.  A more functional study, by Rozzi et al.16 (1999), of male and female 

collegiate basketball players concluded that both groups exhibited similar hamstring 

muscle activation patterns during activity.  They also reported that female soccer and 
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basketball players have increased ligament laxity of the ACL when compared with males 

of the same sports.16  In addition, they reported that these women have adapted a strategy 

involving increased hamstring activity to achieve functional joint stabilization.16,56  An 

increased knee flexion angle seems to be another strategy for maintaining functional 

stability of the joint.16,56  This finding contradicts the theory that women have decreased 

hamstring activity, increased quadriceps activity, and decreased knee flexion angles, 

thereby increasing the shear force across the knee.  Rozzi et al.16 (1999) explain this 

phenomenon by hypothesizing that healthy women adopt this increased hamstring 

activity to stabilize the knee but when fatigue is present the ability to stabilize is lost and 

an increased load is placed on the ACL leading to failure.  There has been only one other 

study that agrees with Rozzi’s results.56 The interesting result of this study indicates that 

muscle firing patterns may not be the primary factor in the difference in ACL non-contact 

injury rates between men and women.   

 

1.5 Fatigue 

 Fatigue is a phenomenon that has been studied for decades.  There are a wide 

variety of definitions to describe fatigue.  Enoka & Stuart57 (1992) define fatigue as a 

general concept that identifies an acute decline in performance that is marked by both a 

perceived need for increased exertion and an eventual inability to produce adequate force.  

Fatigue is not a single event that leads to a decline of performance but a multitude of 

effects that act together causing the decline in performance.57  Rozzi et al.18 define fatigue 

as an inability to reproduce force outputs during repeated bouts of muscle contraction and 

may be due to either metabolic or nonmetabolic peripheral factors.  Nonmetabolic factors 
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include such things as impairments in neuromuscular and sarcolemma excitation and 

propagation, and excitation-contraction of the sarcomere18.  Peripheral metabolic factors 

include the available free energy from ATP, phospho-creatine (PCr) levels, increased 

levels of lactate and hydrogen ions (inhibit calciums ability to initiate muscle 

contraction), and the accumulation of diprotonated inorganic phosphate (inhibits 

actomyosin ATPase system).18  Winter58 (1990) describes muscle fatigue as the time 

when the muscle tissue cannot facilitate the metabolism at the sarcomere, because of 

either ischemia or local depletion of any of the metabolic substrates.   

 There have been many investigations into the role of fatigue and injury.  Fatigue 

has been shown to increase strain magnitudes of bone leading to stress fractures.59,60  

These increased strain magnitudes are likely due to inability of the fatigued muscle to 

attenuate the forces properly, leading to increased leg shock acceleration and plantar 

pressures.59,61-64  Fatigue has also been described as a cause of decreased performance in 

the lower extremity as well as decreased neuromuscular control of the lower extremity.65-

70  The rest of this section will review the effects of fatigue on proprioception, 

neuromuscular control and kinematics of the knee and attempt to identify fatigue as a 

contributing factor to noncontact ACL injuries of the knee. 

 

1.5.1 Effects of Fatigue on Proprioception & Neuromuscular Control 

It is well accepted by the medical community that fatigue negatively affects the 

ability of muscle to protect joints.  Alterations in the afferent input to the α motor neurons 

can potentially affect reactive muscular function and decrease their protective capabilities 

of the joints.18  Skinner et al.71 (1986) reported that during fatigue conditions subjects had 
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significant decreased proprioceptive abilities.  They hypothesized that this was due to 

either altered afferent impulses from the muscles themselves or from abnormal stresses in 

the joint capsule as a result of the muscle fatigue.71  

Chan et al.72 (2001) reported a significant increase of the electromechanical delay 

of the quadriceps muscles, at varying degrees of knee extension, following a fatigue 

protocol.  The most significant delays were when the knee was extended 90° and 150°.72  

This may explain why the majority of non-contact ACL injuries occur when the knee is at 

150° of extension (or 30° of flexion).  A consequence of altered joint proprioception due 

to fatigue is a decrease in neuromuscular control.18  Because of the increased latency 

periods during the fatigued stated muscles are not able to respond quickly enough to 

protect a joint from injury.   

The effect of fatigue on frontal plane motion at the knee joint has not been studied 

by many researchers.  Huston and Wojtys73 (1996) reported that women rely more on 

their quadriceps than their hamstrings in response to anterior tibial translation during a 

fatigued state, which increases strain on the ACL.  They also reported that females took 

significantly longer than males to generate peak hamstring torque during isokinetic 

testing.73  The Huston73 study, however, did not include functional activities and only 

focused on a single leg.  Wojtys et al.70 (1996), in a different study, showed that isotonic 

and isokinetic strength training of the lower extremity musculature does not appear to 

improve reaction time to anterior tibial translation, whereas agility exercises do.  This 

result is similar to what has been reported, which indicate agility and plyometric exercise 

can increase functional stability of the knee by reducing anterior tibial translation and 

dynamic valgus.7,74  The effects of fatigue on these motions have not been fully studied.  
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Wojtys et al.70 (1996), in yet another study, reported the effects of muscle fatigue on 

neuromuscular function and anterior tibial translation in healthy knees.  They reported 

that fatigue does alter the neuromuscular response to anterior tibial translation.  

Therefore, fatigue may play a role in the pathomechanics of knee injuries.  This study 

was done by isokinetic fatigue on a single leg with the subject in a static position.  There 

was no evidence in the literature that the effects of fatigue on dynamic valgus moments 

and neuromuscular trained individuals have been studied. 

Rodacki et al.44 (2001) investigated the effects of fatigue on the lower extremity 

coordination.  It was reported that knee stiffness was significantly greater in the presence 

of fatigue when compared to the pre-fatigue conditions.44  The type of fatigue seemed to 

be more localized than general and therefore supports the findings of Miura (2004).45 

Miura et al.45 investigated the effects of local and general fatigue on knee proprioception.  

It was reported that there was no significant change in knee proprioception after local 

fatigue was induced, although there was a significant decrease in knee extensor and 

flexor torque.45  There were significant proprioception deficits when a general fatigue 

protocol was used.45   

Fatigue has been implicated in altering knee joint stiffness during landing 

activities.75,76  Altered stiffness during landing has been linked to a decrease in stored 

elastic energy and possibly a change in the sensitivity of the activation of the stretch 

reflex.65,75  Alteration of the stiffness during landing due to fatigue will negatively affect 

the neuromuscular control of the knee joint, thereby making it more susceptible to injury.  

Unanticipated perturbations to the knee during athletic activity are more likely to position 

the knee in a way that pathologically loads the static structures (e.g. ACL).  Besier, et 
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al.53 (2003) reported a decrease in valgus/varus stiffness at the knee and less stiffness 

with tibial internal/external rotation when there is decreased muscle activation due to 

unanticipated activity.  As mentioned above, these are mechanisms of loading the ACL in 

a pathological way.  The effects of fatigue on dynamic valgus behaviors from a landing 

have not been studied. 

 

1.5.2 Fatigue and Gender 

Fatigue may affect men and women differently.  Pincivero et al.77 (2003) reported 

that men exhibited higher knee flexion and extension torques as well as greater work and 

power production when compared to women.  However, it was reported that the men 

fatigued quicker during maximal effort muscle contractions.77  In a more recent study, 

Pincivero et al.78 (2004) reported that during submaximal contractions men and women 

fatigue at the same rates but men still exhibited greater torque productions during knee 

extension.  Clark et al.79 (2003) reported that men and women differ in their patterns of 

fatigue of the lumbar extensor muscles, biceps femoris, and gluteus maximus.  Clark79 

also reported that women tend to resist fatigue in an isometric activity more then men, but 

when endurance time was adjusted for absolute load no differences were found.  It is 

possible, then, that if the lumbar extensor muscles of women fatigue differently than men 

other muscle groups may also exhibit the same behavior.  Decker et al.8 reported that 

women land with a more erect posture and rely on the ankle plantar flexors to transmit 

forces proximally.  They hypothesized that, in a fatigued state, this landing strategy 

exhibited by the female subjects will place them at an increased risk of knee injury 

because the fatigue will further inhibit the muscles ability to stabilize the knee.8 
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1.6 Ground Reaction Forces 

 The third law of motion described by Isaac Newton (1642 – 1727) in 1687 states 

that “whenever one object exerts a force on a second object, the second exerts an equal 

force in the opposite direction on the first”.80  This third law is often paraphrased: for 

every action there is an equal and opposite reaction.  We can use this law to understand 

the forces transmitted through the body every time we walk, run, land from jump, and 

how these forces may cause injury.   

 During landing activities the vertical ground reaction force is the force that the 

ground exerts on the body when it lands.  Based on Newton’s third law this force is equal 

in magnitude to the force exerted by the object (human) hitting the ground.  This force 

can be expressed mathematically: 

 PGGP FF
rr

−=  

where “FGP” is the force exerted on  the ground by the person and “FPG” is the force 

exerted on the person by the ground.  Vertical GRF during drop landing usually produce 

a bimodal GRF curve because the most common way to land is toe-heel.81  The first peak 

of the vertical GRF curve represents the forefoot making contact (toe portion of toe-heel 

landing) and the second peak is associated with heel contact.81  Other styles of landing 

include flatfoot, heel only, and toe only, however these types of landings are not 

common.  These rare types of landing will cause a unimodal curve and often result in 

higher GRF.81 

 Many researchers have measured the vertical GRF of athletes and recreational 

athletes.  Valiant and Cavanagh82 (1985) reported that 80% of the subjects they tested had 

a toe-heel landing style and an average vertical GRF measured from a simulated 
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basketball rebound activity was 4.1 body weights (BW).  The other 20% were flatfoot 

landers and had an average vertical GRF, for the same activity, of 6.0 BW.82  Adrian and 

Laughlin83 (1983) measured the vertical GRF of female volleyball players during a 

moving block.  They reported that the average peak landing forces for the women were 

3.7 BW.83  McNitt-Gray84 (1989) measured the vertical GRF of recreational athletes as 

well as trained gymnasts from landing heights of 32, 72, and 128 cm.  The results 

indicated that the trained gymnasts can attenuate forces better than the recreational 

athletes and, therefore, the recreational athletes may be at greater risk for injury.84   

 

1.6.1 Ground Reaction Force and Injury 

 Ground reaction forces during running and landing have been reported to improve 

the health of both articular cartilage and bone density.85,86  Nigg et al.85 (1995) reported 

that normal running impacts produce GRF that help to stimulate bone and articular 

cartilage health and that abnormal kinematics, abnormal skeletal alignment, and/or 

fatigue need to accompany GRF in order to result in injury.  Bauer et al.86 (2000) reported 

GRF up to 8.5 times the body weight of the subjects (children) while landing from a 

height of 61cm completing 100 repetitions 3 times a week for 7 months.  The result was 

an increase in bone mass of 5.6% when compared to the control group.86  However, 

repetitive impacts, as in running, combined with an abnormality as listed above may 

result in a fatigue fracture of a weight-bearing bone because of the altered GRF 

attenuation.87 

 In a literature review by Derrick88 (2004) he reports the benefits of increasing 

knee flexion angles in order to attenuate GRF and potentially decrease injury risk.  A 
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more flexed knee will attenuate impact forces, but consequently increasing impact 

accelerations because of a decrease in the effective mass of the limb.88  The effective 

mass (me) is: 

“the portion of the total system mass that would be needed to accurately model 
the impact if a single mass particle were used instead of the system of rotating and 
deforming segments . . . and can be calculated from the linear impulse-momentum 
relationship: 

∫Δ
= 2

1

1 t

te Fdt
v

m ”88 

Although the impact accelerations may be greater, the peak GRF are less resulting in 

decreased potential for injury.  This phenomenon occurs because in the more extended 

position the GRF travels close to the center of the knee joint resulting in less attenuation 

of the forces.88  When the knee is in a more flexed position muscular energy absorption is 

increased along with the inert tissues (i.e. ligaments and joint capsules).88  It was also 

reported that 3.5% more of the GRF are attenuated when the knee is flexed (60°) than 

when the knee is in an extended position (close to 0°).88 

 Zhang et al.89 (2000) investigated the energy dissipation of different types of 

landings from different heights.  They reported that the lower extremity received 

increased mechanical demands as the height of the drop-jumped increased.89  The type of 

landing also played a role in the mechanical demands placed on the lower extremity.  Soft 

landings exhibited significantly less GRF than normal landings and normal landings 

exhibited significantly less GRF than stiff landings.89  Energy absorption occurs greatest 

at the larger muscle groups like the knee extensors and hip extensors, therefore, it is 

important to have good neuromuscular control, particularly eccentrically, in order to 

maintain the integrity of the lower extremity and avoid injury.89 
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 The ability to decrease GRF during landing can lead to a reduction of injuries.  

Kovács et al.21 (1999) reported that foot placement during landing can modify impact 

forces.  It was reported that landing on the forefoot (toe-heel landing) produces greater 

absorption of the energy in the plantar flexors, quadriceps, and hip extensors when 

compared to landing on the heel (heel-toe landing).21  In addition this energy can be used 

in a counter-jump (e.g. plyometric activity) resulting in increased available power 

resulting, potentially, in increased performance and decreased risk of injury when 

compared to the heel landing style.21  McNair et al.22 (2000) reported that simple verbal 

instructions about proper landing techniques reduce GRF significantly when compared to 

those who did not receive instruction.  This may be beneficial during plyometric training 

programs and rehabilitation from an injury. 

 James90 (1997) reported a significant difference for knee joint shear forces 

between women and men when landing from a height of 200% of their maximum vertical 

jump.  This increased shear force may provide some insight as to why women sustain 

more ACL injuries than men.  James et al.91 (2001) examined the effects of fatigue on 

GRF.  It was reported that fatigue affected the subjects in different ways.91  Some 

subjects had an increase in GRF while some had a decrease in GRF.91  Altered 

neuromuscular control as a result of fatigue may predispose a subject to injury.  This 

predisposition may be compounded with increased GRF while fatigued.  There have been 

other reports of simply a decrease in GRF while fatigued because of an increase in knee 

flexion.92  Yet, some researchers have reported an increase in GRF in the presence of 

fatigue.19  Reasons for these dissperites are unknown but worth examining in order to try 

to understand the relationship between GRF, fatigue, and injury. 
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Hewett et al.7 (1996) reported significant decreases in GRF from jump-landings 

after the female subjects participated in a 6 week plyometric training program.  In a 

follow-up study, Hewett et al.93 (1999) identified a strong correlation between jump-

training programs and a significant decrease in ACL injuries when compared to those 

who did not participate in the jump-training program.  Madigan and Pidcoe76 (2003) 

investigated the effects of lower extremity fatigue on GRF, lower extremity kinematics, 

and lower extremity kinetics.  They reported that there was a significant increase in hip 

flexion, knee flexion, and ankle dorsi flexion during the fatigue condition with a 

corresponding reduction in GRF.76  They also reported an increase in hip extensor 

impulse, no change in the knee extensor impulse, and a decrease in ankle plantar flexion 

impulse.76  They hypothesized that this was a distal to proximal redistribution of 

moments strategy allowing the large proximal muscle groups to resist lower extrimty 

collapse during a fatigue landing.76   

 

1.7 Structural Characteristics 

 The structural alignment of lower extremity has been implicated as a contributing 

factor to both overuse and traumatic injuries.94,95  Structural characteristics and their 

contribution to non-contact ACL injuries has been studied yielding mixed results.  For 

example, Trimble et al.3 (2002) found no relationship between genu recurvatum and ACL 

injury, yet Loundon et al.96 (1996) reports a relationship between genu recurvatum and 

ACL injuries.  Trimble et al.3 (2002) did not find the thigh-foot angle measurement to be 

correlated or contribute significantly to the multiple regression equation, but Meister97 

(1999, unpublished, as in Griffin) found a significant relationship between thigh-foot 
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angle measurements and ACL injuries.  Other measures such as quadriceps angle (Q-

angle), navicular drop (ND), knee ligament laxity, and pelvic alignment have all been 

reported in the literature as potential contributing factors to ACL injuries.2,4,5,98 

 

1.7.1 Measurement of Subtalar Joint Pronation 

 Excessive subtalar joint pronation can lead to many problems through the entire 

chain of the lower extremity.  Excessive subtalar joint pronation has been linked by 

several investigators to ACL injury.4,96,98  When heel strike occurs during gait the foot is 

supinated, but immediately begins to pronate.  As stance phase occurs, excessive 

pronation leads to internal rotation of the tibia on the femur.5  Hertel et al.5 (2004) found 

that excessive pronation was present on most injured ACL lower extremities.  Of the 

subjects in the Hertel et al.5 (2004) study, it was found that subjects with excessive 

navicular drop were 20 times more likely to have torn their ACL than those who did not 

have excessive navicular drop.  Tibial internal rotation on the femur, with the knee flexed 

or extended, causes great stress on the ACL and may make it susceptible to injury.3  

Beckett et al.99 (1992) reported that subjects with a unilateral ACL injury exhibited 

excessive subtalar joint pronation bilaterally, when compared to those who had two 

uninjured knees, regardless of gender.  Allen and Glasoe100 (2000) reported patients that 

suffered an ACL injury had a significantly increased navicular drop when compared to an 

uninjured control group that was matched for age, sex, and limb. 

Excessive pronation is easily identifiable with a simple clinical measure.  If these 

people are identified corrective measures can be taken to minimize the excessive 

pronation through the use of an orthotic type appliance.  This can be used as a simple 
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screening tool during preparticipation physical examinations.  The two most common 

clinical measures are the navicular drop test and the Feiss line measurement.  The Feiss 

line requires a mark be made at the most distal end of the medial malleolus and another 

mark at the plantar aspect of the first metatarsalphalangeal joint while the patient is 

nonweight-bearing.101  A straight line should be drawn to connect these two marks.101  

Next, the examiner palpates the navicular tuberosity and places a mark on the most 

superficial aspect of it.101  The patient is then asked to stand on both feet.101  The 

examiner takes note of the position of the navicular tuberosity in reference to the Feiss 

line.101  If the tuberosity has moved 1/3 of the way towards the floor it is considered a 

first degree flatfoot, if it is 2/3 of the way to the floor it is second degree flatfoot, and if 

the tuberosity is touching the floor it is considered a third degree flatfoot.101 

Navicular drop (ND) was measured in standing as described by Hargrave et al.102 

(2003).  The height of the navicular tubercle was measured from the floor in the subtalar 

neutral position and then the height of the navicular tubercle in the normal relaxed 

standing position was measured.  The difference between these two measurements was 

determined to be the ND.102  Vinnicombe et al.103 (2001) reported a moderate reliability 

for the accuracy of pronation measurement with the ND.  Piccianio et al.104 (1993) 

reported poor result for intertester reliability and a moderate result for intratester 

reliability.  This experiment was done with inexperienced testers, however, and the 

authors recommend experienced testers to take the measurements for increased 

accuracy.104 

 

 

Texas Tech University, Michael P. Smith, August 2005



 37

1.7.2 Measurement of Tibial Torsion 

 When the tibia is internally rotated it winds the ACL tight and increases the load 

on the ligament.5  Therefore, if a person already has an excessive tibia rotation the knee 

may be pre-loaded or in a position of excessive valgus contributing to an ACL injury.  

There are several ways in which to measure tibial torsion.  However, if the tibial torsion 

is occurring in the mid-shaft of the tibia it may not affect the preloading of the ligament.  

The mid-shaft torsion may alter landing kinematics and/or kinetics, and therefore, load 

the ACL in a pathological manor. 

 Tibial torsion can be measured with the patient sitting with the knees flexed to 

90° as they hang over the examining table.101  The examiner then places the index finger 

over one of the malleoli and the thumb of the same hand on the other malleoli.101  The 

examiner then visually inspects an imaginary line going through the condyles of the 

femur and a line going through the malleoli.101  The lines should form an angle between 

12 - 18°.101  More than 18° would indicate tibial external rotation and less than 12° would 

indicate tibial internal rotation. 

 Tibial torsion may also be measured with the patient in the supine position.101  

The malleoli are grasped with the index finger and thumb of the same hand.101  The 

examiner then draws a line on the heel that is parallel to an imaginary line running 

between the two malleoli.101  The examiner ensures that the femoral condyles are in the 

frontal plane and visualizes an imaginary line running between them.101  The angle of the 

two lines bisecting will give the angle of tibial torsion.101   

 Tibial torsion can also be measured in the prone position and is often refered to as 

the thigh-foot angle.101,105  With the patient in the prone position the knee is flexed to 90° 
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and the subtalar joint placed in neutral position.101  A line is drawn on the plantar aspect 

of the calacaneous that is continuous with the mid-line of the posterior thigh.101  A second 

line is drawn on the plantar aspect of the calcaneous that is continuous with the second 

ray of the foot .  The angle made by the intersecting lines is considered the thigh-foot 

angle.  This measurement has been validated through comparison measurements with 

CT-scan.105 

 

1.7.3 Static Knee Joint Valgus Measurement 

 Normal static knee joint valgus, in weight bearing, in an adult is approximately 

6°.106  Static knee joint valgus (knee valgus) can be observed in a subject by viewing 

them in a standing position with the knees and ankles as close together as possible.106  

The examiner looks from directly at the subject from the front.106  This allows the 

examiner to determine, subjectively if they have a genu valgum (knocked knee) 

deformity.106  Objectively this can be measured by determining the distance between the 

ankles and the knees.106  If the knees touch or there is a distance greater than 9 

centimeters between the medial malleoli of the ankles it is considered excessive genu 

valgum (static knee joint valgus).106  These deformities may be unilateral or bilateral.106  

It may be difficult in a unilateral deformed subject to determine the deformity through 

this method. 

 Plain X-ray radiographs may also be used to determine the static valgus alignment 

of the knee joint.106  After the X-ray is taken a line is drawn down the middle of the 

femoral shaft and the tibial shaft.106  The angle at where the two lines bisect is the 

measurement of the knee valgus.  This is an accurate measurement but can be costly and 
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therefore is not practical for mass screening of subjects.  The normal valgus alignment is 

6° verifying the accuracy of the technique described above.106 

The quadriceps angle (Q-angle) represents the relationship between the 

quadriceps muscles, patellar tendon and the patella.106  The normal Q-angle in men is 

approximately 13° and in women is approximately 18°.106  The Q-angle actually 

represents the angle of pull of the quadriceps muscle on the patella.  This is important in 

determining patella-femoral joint dysfunction.  However, this measurement has also been 

used to determine the position of the knee joint in the frontal plane (static valgus 

position)99.  The Q-angle is measured by drawing a line from the anterior superior iliac 

spine (ASIS) to the mid-patella and from the tibial tuberosity to the mid point of the 

patella.  The angle formed by these two intersecting lines results in the Q-angle.106   

 The measurement includes the position of the patella and may, therefore, yield 

confusing results.  The tibial tuberosity may also be malaligned which can lead to 

erroneous results.  The Q-angle has not been correlated to ACL injuries the way navicular 

drop has been.  The Q-angle is worth investigating because it is an easy clinical measure 

that is widely accepted as a measure of valgus position at the knee.8  The Q-angle has 

been positively correlated with maximum valgus during a drop-jump landing activity in 

male subjects.107  It may provide another easy screening measure to identify individuals 

at risk of an ACL injury.  This measurement was chosen for this project because of the 

wide spread use by clinicians of the technique and its controversial findings in the 

literature.  An excessive Q-angle may indicate that the knee is in a preposition of valgus.  

This valgus position may preload the ACL making it susceptible to injury.9 
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1.7.4 Measurement of Femoral Torsion 

 Measuring femoral torsion determines the degree of femoral anteversion or 

retroversion of the hip joint.  Anteversion referes to the anterior projection of the femoral 

neck in relation to the frontal plane and is an indication of femoral internal rotation 

(Magee).  Normal anteversion in adults is between 8° - 15°.108  Excessive anteversion 

leads to a toe-in deformity.  Retroversion is a measurement of the posterior projection of 

the femoral neck in relation to the frontal plane and indicates femoral external rotation.108  

Retroversion is considered abnormal and results in a toe-out deformity. 

 Femoral torsion can be measured through computed tomography radiographs 

(CT-scan).  A line is drawn through the mid-portion of the femoral condyles.109  Another 

line is drawn through the mid-portion of the femoral neck.109  The angle between the two 

lines is the amount a anteversion present.108  A negative angle represents femoral 

retroversion.  Although, this is an accurate measurement technique it is very expensive 

and not conducive to mass screening of subjects. 

Another, more clinically applicable, measurement of femoral torsion is Craig’s 

test.108  Craig’s test is a measure of femoral anteversion.  The subject lies prone with the 

knee flexed to 90 degrees.  The posterior aspect of the greater trochanter of the femur is 

palpated. The hip is passively rotated medially and laterally until the greater trochanter is 

parallel with the examining table. The degree of femoral anteversion is determined by 

using an inclinometer placed on the shaft of the tibia.   

When the femur is internally rotated it winds the ACL tight and increases the load 

on the ligament.96  Therefore, if a person already has an excessive femoral rotation the 
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knee may be pre-loaded or in a position of excessive valgus contributing to an ACL 

injury. 

 Identifying risk factors for ACL injury may provide information that can aid in 

the development of injury prevention programs.  The research manuscripts in the 

following two chapters investigate variables that may be important in understanding 

potential risk factors for ACL injury.  The research evaluated the role of the topics 

discussed above as potential risk factors for ACL injury. 
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CHAPTER II 

“Fatigue Does Not Increase Ground Reaction Forces or Frontal Plane Knee Motion in 

Female and Male Recreational Athletes” 

 

INTRODUCTION  

Injury to the anterior cruciate ligament (ACL) is a devastating event.  Seventy 

percent of all ACL injuries are athletically related.1  Women tear their ACL 2-8 times 

more frequently than men.2  Numerous studies have investigated the possible reasons 

why there is such a discrepancy between the sexes.  The cause of ACL injuries has been 

described as multifactorial, involves anatomical,3-6 biomechanical,7-10 and physiological 

characteristics.11,12  Colby1 (2000) reported that 70% of all ACL tears occur as a result of 

a non-contact mechanism.1  The mechanism of ACL injury almost always involves a 

sudden deceleration and/or change in direction that occurs during a cutting or a landing 

maneuver.6,8  Valgus motion at the knee can produce a pathological load in the ACL.9  

This load can be magnified with additional motions such as anterior tibial translation and 

rotation of the femur and/or tibia.9  Boden et al.13 (2000) in a retrospective study 

evaluated videotapes of ACL injuries as they occurred during the sport activity.  The 

reported that 65% of the videotaped injuries were non-contact and all were at foot strike 

with the knee close to extension and most demonstrated excessive dynamic valgus.  In a 

state of fatigue the muscles surrounding the knee joint may lose the ability to protect the 

knee joint.  Altered stiffness during landing has been linked to a decreased in stored 

elastic energy and possibly a change in the sensitivity of the activation of the stretch 

reflex.14,15  Alteration of the stiffness during drop landing due to fatigue will negatively 
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affect the neuromuscular control of the knee joint, thereby, making it more susceptible to 

injury.14,15  

Many activities during athletic activity place the ACL at risk for injury.  Cutting 

and landing maneuvers are common activities in most sports.  Markolf et al.9 (1995) 

reported that the greatest load placed on the ACL is when there is minimal knee flexion 

(<30°), tibial internal rotation, and a valgus or varus moment.9  Nigg16 (1985) reported 

that peak impact forces during running are greater if the knee is closer to full extension.  

Landing with the knee close to extension places increased stress on the ACL.2  This 

strategy is known as ligament dominate in which the ground reaction forces are 

distributed through the ligament instead of the musculature.7  An increase in peak ground 

reaction forces further increases the stress on the ACL putting it at risk for injury7.  An 

increase in GRF may not be attenuated completely by the surrounding musculature and 

therefore result in the GRF traveling closer to the center of the joint placing an increased 

stress on the ACL and/or other static tissues of the knee joint.17  This occurs most often 

when landing from a height in a more knee extended position (< 60°).17  The more 

extended knee position is one of the common risk factors for non-contact ACL injury.13   

Many researchers have stated that women tend to land or decelerate with more 

knee extension than their male counterparts.6,8,18  This is believed to be a contributing 

factor to the increased incidence of ACL injuries in women.  When landing with the knee 

closer to extension it is thought to decrease the ability of the hamstring muscles to 

prevent the quadriceps from pulling the tibia anterior and increasing the load on the 

ACL.2  McLean et al.19 (2004) reported in a study of sagittal plane biomechanics during a 

side-stepping activity that landing in a more knee extended position places the pull of the 
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patellar tendon parallel with the long axis of the tibia effectively reducing the ability of 

the quadriceps to place a significant anterior shear force across the tibia.  They go on to 

report that landing with more knee extension will create a posterior moment with a more 

flexed knee that will counter-act against the anterior shear force of the quadriceps in this 

more flexed position.19  The overall conclusion of this study is that forces in the sagittal 

plane are not significant enough to tear the ACL, there has to be loading mechanisms 

from other planes for an ACL injury to occur.19  This is a reason why current research is 

focusing in on the frontal plane during athletic maneuvers. 

 Motion in the frontal plane during cutting and landing activities has become the 

focus of research in recent years.  Hewett et al.7 (1996) was one of the first to explore the 

frontal plane of the knee and its relationship to ACL injury.  Hewett7 found that female 

athletes, regardless of their training level, exhibited excessive frontal plane motion 

(dynamic valgus) at the knee when dropping from a 60 cm platform.  Men did not show 

this tendency.  Hewett, in a follow-up study20 (1999) demonstrated that women who 

underwent a 6 week plyometric training program had significantly less dynamic valgus 

and significantly fewer ACL injuries.  Wojtys et al.21 (1996) demonstrated improved 

neuromuscular control in subjects who participated in agility training programs while 

those who participated in isokinetic or isotonic programs did not.  This particular study 

by Wojtys et al. looked solely on the ability of the muscle to control motion at the knee in 

the sagittal plane and not the frontal plane.  In a follow-up study Wojtys et al.22 (1996) 

reported that fatigue alters the neuromuscular response to anterior tibial translation and, 

therefore, may contribute to injury of the ACL.  The muscles of the knee that control 

sagittal plane motion play a role in frontal plane stability of the knee.  Therefore, the 
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studies by Wojtys21,22 provide a basis for why it is important to study the frontal plane 

directly to see if fatigue of the muscles that control sagittal plane motion affect frontal 

plane motion. 

 Fatigue and its effects on dynamic valgus may be counteracted by the central 

nervous systems (CNS) and its ability to increase the stiffness around the knee joint 

through its central pathways.23  Increased sensitivity of the afferent pathways can elicit 

autogenic and heterogenic reflexes contributing to increased stiffness around the knee.24  

It is the higher motor centers that control these reflexes so if the entire system is not 

fatigued (general fatigue) an increase in reflexive activity may provide for increased 

stability of the joint.   

Fatigue has been implicated in altering knee joint stiffness during landing 

activities.14,25  Altered stiffness during landing has been linked to a decreased in stored 

elastic energy and possibly a change in the sensitivity of the activation of the stretch 

reflex.14,15  Alteration of neuromuscular control during landing, due to fatigue, will 

negatively affect the stiffness of the knee joint, thereby, making it more susceptible to 

injury.  

The effects fatigue has on muscle can be measured through electromyography 

(EMG).  Electromyography can measure muscle timing (onset and offset) and amplitude 

(RMS), which can provide information about the neuromuscular control mechanisms of 

the body. Root mean square is often used to determine force produced by a muscle.  

White et al.26 (2003) investigated the relationship of muscle force and RMS between men 

and women.  They reported that the RMS for quadriceps coactivation in women was 
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higher during knee flexion movements which indicate that women are more “quadriceps” 

dominant making them more susceptible to ACL injury.26 

 Ground reaction forces can contribute, in a negative way, to the loading of the 

ACL.  Markolf et al.9 (1995) reported that internal rotation of the tibia along with an 

increased varus or valgus moment will place the ACL at risk for injury.  These motions, 

combined with increased GRF, may place the ACL at even greater risk of injury.  James 

et al.27 (2001 abstract) examined the effects of fatigue on GRF.  It was reported that 

fatigue affected the subjects in different ways.27  Some subjects had an increase in GRF 

while some had a decrease in GRF.27  Altered neuromuscular control as a result of fatigue 

may predispose a subject to injury.  This predisposition may be compounded with 

increased GRF while fatigued.  There have been other reports of simply a decrease in 

GRF while fatigued because of an increase in knee flexion.28  Yet, some researchers have 

reported an increase in GRF in the presence of fatigue.29  Reasons for these disparities are 

unknown but worth examining in order to try to understand the relationship between 

GRF, fatigue, and injury.  Therefore, investigating the body’s strategies for attenuating 

the forces while fatigued is important.  Excessive dynamic valgus loads the ACL as well 

and may contribute to ACL injuries.  In addition, excessive dynamic varus loads may also 

contribute to injury9 but have not been investigated fully.  Fatigue may decrease the 

bodies ability to protect itself through delayed reflexes and/or decrease in the muscles 

ability to produce torque.  Fatigue may also result in an inability of the large proximal 

muscle groups to attenuate the vertical GRF resulting in more stress on ACL causing 

failure.17   
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The purpose of this study was to investigate the effects of fatigue and gender on 

frontal plane knee motion during drop-jump landing.  Additionally, neuromuscular and 

ground reaction force characteristics that are thought to be related to the control of the 

frontal plane knee motion were also investigated.  It was hypothesized that 1) women will 

exhibit greater dynamic frontal plane motion than men due to altered neuromuscular 

control influenced by decreased vertical GRF and decreased EMG amplitude; 2) fatigue 

will result in an increase in dynamic valgus, an increase in EMG amplitude, and a 

decrease in vertical GRF when compared to the non-fatigue condition. 

 

METHODS 

Experimental Design 

A two factor mixed repeated measures design was used to evaluate the gender and 

fatigue effects.  Subjects were tested in a pre-fatigue state and then again in a fatigued 

state.  The independent variables were fatigue (two levels: non-fatigued and fatigued) and 

gender.  The dependent variables were dynamic frontal plane motion, GRF peak force, 

and the amount of EMG activity (reported as root mean square).  Fatigue was defined for 

each subject as the point at which their force output falls below 50% of their maximum 

voluntary contract (James et al, 2003).  The dependent variables were dynamic frontal 

plane (frontal plane angle at maximum knee flexion (FPmax), frontal plane range of 

motion from contact to maximum knee flexion (FPrommax), frontal plane angle at 30° of 

knee flexion (FP30), frontal plane range of motion from contact to 30° knee flexion 

(FProm30)) and peak vertical ground reaction force (Pkf).  Dynamic frontal plane motion 

was defined as the amount of knee motion that occured in the frontal plane during the 
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dynamic landing phase of the drop-jump.  Negative values obtained from the electric 

goniometer indicated valgus motion and positive values were varus motion.   

Subjects 

Twenty-six (14 women and 12 men) healthy, active volunteers of average height 

and weight, between the ages of 18 and 35 years old, participated in the study (Mage = 

24.5 ± 2.7; Mheight = 172.9 cm ± 8.9; Mweight = 163.5 lbs ± 25.9).  None of the subjects 

reported any prior ACL injury.  Activity level was determined by the subject rating 

his/her activity level based on the Physical Activity Level Scale described by Wojtys et 

al. (1996) (Table 2.1).21  Only the subjects who reported a score of 6 or 8 on the scale of 

0 – 10 were accepted into the study.  Each subject completed a questionnaire to determine 

his/her eligibility for the study.  The questionnaire served as a medical history form to be 

sure the subjects did not have any pre-existing conditions that may hinder their ability to 

participate in the study and/or put them at an increased risk of injury.  Smokers and 

pregnant females were not eligible to participate.  No one who had been formally trained 

in jump landing techniques or was currently a member of a NCAA or NAIA sanctioned 

sports team was not be eligible.  Prior to participation in the study each subject read and 

signed an informed consent (APPENDIX 1) that had been approved by the Institutional 

Review Board (IRB) at the affiliated university. 

 

Table 2.1.  Physical Activity Level16 
Score                               Activities 
10          Competitive jumping, turning, twisting sports 
8            Recreational jumping, turning, twisting sports 
6            Jog, bike, swim, occasional pivoting sports 
4            No jumping, turning, twisting sports; swim, bike, jog regularly 
2            No jumping, turning, twisting; occasional jog, swim, bike 
0            Inactive 
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Instrumentation 

 Kinematic Assessment.  Frontal plane motion of the right knee was assessed 

using an electrogoniometer (Figure 2.1b) with a four channel amplifier (Penny & Giles 

K100 & XM180, Santa Monica, CA) affixed to the lateral aspect of the knee.  Data were 

recorded and stored via the analog module of an Ariel Performance Analysis System at a 

sampling rate of 1000 Hz(APAS; Coto De Caza, CA.).  The electric goniometer was 

zeroed when the subject was standing motionless in the anatomical position. 

 Ground Reaction Force Assessment.  Vertical GRF were collected using a force 

plate (AMTI OR6-5-2000, SGA-6 amplifier, Watertown MA) (Figure 2.1a).  The first 

peak (F1) represents toe contact and the second peak (F2) is heel contact.  An amplified 

signal was sent to an analog-digital board installed into the laboratory computer.  Data 

were sampled at 1000 Hz for each trial using the APAS.  The data were exported into a 

lap top computer for analysis with a customized Matlab® program.  Peak vertical ground 

reaction force was obtained by Matlab by identifying the highest value present during the 

first 600 ms of sampling.  This time period eliminated the possibility of the Pkf occurring 

during the second landing phase of the drop-jump activity. 

 Electromyographic Assessment.  The electromyographic (EMG) data were 

collected from five muscles: vastus medialis, vastus lateralis, medial hamstring, lateral 

hamstring, and lateral gastrocnemius (Figure 2.2 & 2.3).  The skin was cleaned with 

isopropyl alcohol, shaved if necessary, and an electrolyte electrode gel was applied to 

maximize conductivity.  Pre-amplified, double differential electrodes (Motion Control 

Iomed Salt Lake City, UT) were placed by palpation on the belly of the muscle while the 

subject performed an isometric contraction.  Electromyographic (EMG) data were 
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recorded for one second (1000 Hz) from a five-channel EMG system via the APAS 

system.  Specifications of the EMG system included a with a common mode rejection 

ratio of 103 dB, bandwidth of 9-31 Hz, and an impedance of 100,000 MegaOhms, as 

reported by the manufacturer. 
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Testing Procedure 

 Immediately following the subject’s set up he/she warmed up on a cycle 

ergometer for five minutes at his/her own pace.  Following the warm up the subject took 

his/her position on the 50 cm platform (Figure 2.4).  Each subject was given verbal 

instructions, a demonstration by one of the investigators (MPS), and allowed three 

practice landings to ensure proper technique was being employed.  The subjects then 

performed 10 acceptable pre-fatigue landings from the 50 cm platform and landed on the 

force platform.  The subjects were instructed to step off the platform, leading with their 

right leg, without jumping up or stepping down.  The subjects were instructed to jump for 

an object suspended from the ceiling as soon as they landed.  The right foot landed on the 

force platform while the left foot landed next to the platform on a landing surface.  

Subjects were barefoot during all landing activities.  A synthetic turf with two inch 

padding covered the landing surface, including the force platform, to reduce the risk of 

injury.  After the data were saved, the subjects began the fatigue protocol as described by 

James et al.30 (2005, abstract), as is described briefly here.  The subjects stood with their 

feet on pre-marked areas of the force plate with their knees flexed to 60°.  This angle has 

been reported to generate the greatest torque of the knee extensor mechanism.31  They 

were asked to perform a maximum voluntary isometric contraction (MVC) of the lower 

extremity in the 60° squat position (Figure 2.5).  After the MVC the subjects performed 

repeated bouts of 15 seconds of isometric contraction and five seconds relaxation until 

they reached fatigue (less than 50% of their MVC).  Force output was monitored by the 

researcher watching a computer monitor that displayed the real time force generation 

from the force platform.  During the contraction phase the subjects were given verbal 

Texas Tech University, Michael P. Smith, August 2005



 62

encouragement for them to maximize effort.  Immediately following the last bout of 

isometric contraction, in which the subject was determined to be fatigued, five acceptable 

post-fatigue landings from the 50 cm platform onto the force platform were recorded and 

saved. 

Data Reduction & Analysis 

Data were saved and analyzed on a personal computer with a custom MATLAB 

software (Mathworks Inc, Natick, MA) program.  The electrogoniometer data were 

smoothed (6 Hz; 2-pass, 4th-order, no phase-shift butterworth digital filter) and the GRF 

data were normalized to body weights of the subjects.  Electromyographic signals were 

smoothed using a digital filter with a butterworth polynomial with a low pass cutoff of 

400, high pass cutoff of 20, and a notch filter with a bandstop low cutoff of 59 and a 

bandstop high cutoff of 61.  Once the EMG data were smoothed the root mean square 

(RMS) values were calculated in Matlab.  The RMS was calculated over a 600 ms time 

period.  Root mean square data were then exported into a spread sheet for normalization.  

The RMS data were normalized to the maximum amplitude for each group by dividing 

the RMS values by the highest RMS of the pre-fatigue data and multiplying by 100. 

Statistical Analysis 

A 2 X 2 mixed design repeated measures multivariate analysis of variance 

(MANOVA), with gender as the between-subjects factor and fatigue as the within-

subjects factor, was performed including each of the following test variables: maximum 

frontal plane angle at maximum knee flexion (FPmax), frontal plane range of motion 

from contact to maximum knee flexion (FPrommax), frontal plane angle at 30° of knee 

flexion (FP30), frontal plane range of motion from contact to 30° knee flexion 
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(FProm30), peak vertical ground reaction force (Pkf), and RMS for vastus lateralis (VL), 

vastus medialis (VM), medial hamstrings (MH), lateral hamstring (LH), and 

gastrocnemius (GA) (SPSS 12.0, Chicago, IL).  Fatigue, gender, and fatigue by gender 

interaction were tested at α = 0.05.  Univariate F-tests of the dependent variables were 

undertaken to establish where significance was present.  Mean group descriptive values 

were calculated for age, height, and weight.   

In addition to the group analysis single-subject analysis was performed using the 

two standard deviation band method as described by Portney & Watkins32.  The baseline 

measure (pre-fatigue condition) was plotted along with a two standard deviation (above 

and below the baseline mean) band.  The intervention (fatigue condition) was also plotted 

on the same graph.  An event was considered significant between the baseline and 

intervention if two consecutive data points fell outside the two standard deviation band.32 

 

RESULTS 

 The means and standard deviations for all variables are listed in table 2.2.  The 

results of the MANOVA showed a significant difference between the pre-fatigue and the 

fatigue condition (p < 0.05) but there was no significance for gender or fatigue by gender 

interaction (p > 0.05).  Table 2.3a provide the statistics for these variables.  Follow-up 

ANOVA (Table 3a & 3b) identified the Pkf as the only significant dependent variable for 

the fatigue condition (F=15.89; p=0.001; ES=0.40; Observed Power=0.97).  When 

comparing the means it was revealed the Pkf was significantly less during the fatigue 

condition compared to the pre-fatigue condition.   
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Table 2.2  Means and Standard Deviations of all variables 
 
Variable 

Pre-Fatigue 
Mean                         SD 

Fatigue 
Mean                         SD 

Pkf F              (# of BW’s) 
Pkf M 

2.31                          0.50 
2.71                          0.94 

1.81                          0.75 
2.36                          1.06 

   
FPmax F        (Degrees) 
FPmax M 

5.55 10.46 
-2.06a                        14.98 

4.31                          10.27 
-1.06a                        16.53 

   
FP30 F          (Degrees) 
FP30 M 

5.44 5.01 
1.91                           5.80 

4.83                           4.87 
1.25                           5.26 

   
FProm30 F   (Degrees) 
FProm30 M 

3.62 2.45 
0.36                           3.17 

3.48                           4.00 
1.50                           2.96 

   
FPrommax F  (Degrees) 
FPrommax M 

3.73 7.54 
-4.16a                         12.82 

2.96                           8.46 
-0.82a                        14.18 

   
VL F               (RMS) 
VL M 

73.49                         7.68 
77.09                         7.44 

73.05                         18.71 
87.12                         33.19 

   
VM F 
VM M 

77.45 6.77 
74.09                         9.44 

73.80                         16.33 
71.88                         20.25 

   
MH F 
MH M 

71.58 12.44 
70.64                          9.83 

72.79                         30.78 
69.13                         28.26 

   
LH F 
LH M 

70.38 14.03 
77.28                         36.19 

78.85                         43.13 
89.89                         36.19 

   
GA F 
GA M 

70.82 7.23 
70.23                          7.15 

73.08                         15.10 
78.06                         31.34 

a = negative value means that it was in valgus; positive value means it was in varus 
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Table 2.3a.  Summary of MANOVA and ANOVA (Frontal Plane Variables) 

* significant at an α = 0.05 
 

 

Table 3b.  Summary of ANOVA (Pkf and EMG Variables) 
Stat Test Source Pkf 

 
 
F                  p 

VL 
 
 
F              p 

VM 
 
 
F                 p 

MH 
 
 
F                p 

LH 
 
 
F                p 

GA 
 
 
F                P 

      2X2 ANOVA Fatigue 
15.89   0.001* 1.06      0.31 0.88         0.36 0.00         0.97 2.00         0.17 1.29         0.27 

          * significant at an α = 0.05 
 

 

 Single-subject analysis revealed many more significant results.  Only three female 

and three male subjects had no significance for any of the dependent variables.  All of the 

other subjects had at least on significant variable.  Table 2.4 shows all of the results of the 

single-subject analysis.  Figure 2.4 is an example of the single-subject analysis graph. 

 

Figure 2.4.  Example of Single-Subject Analysis 
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Stat Test Source Combined Variables 
 
Wilks’              
Lambda            F                    p 

FPMax 
 
 
F               p 

FP30 
 
 
F              p 

FProm30 
 
 
F               p 

FPrommax 
 
 
F                 p 

2X2 MANOVA Fatigue  
Gender 
FatigueXGender 

0.29                 4.42              0.005* 
0.49                 1.89              0.13 
0.61                 1.15              0.39 

    

2X2ANOVA Fatigue 
 

 0.02     0.89 
 

1.51    0.23 
 

1.42       0.25 
 

2.88       0.10 
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Table 2.4.  Results of Single-Subject Analysis* 

Subject  Pkf FPmax FP30 
FProm3

0 
FProm

max VL VM MH LH GA 
3a F   varus           ↑ RMS   
4a F ↓ pkf   sig valg    ↑ RMS   
6a F ↓ pkf       ↑ RMS   
7a F   sig var sig var       
9a F ↓ pkf  sig var sig var  ↑ RMS  ↑ RMS   
10a F                     
12a F ↓ pkf  sig valg        
13a F ↓ pkf        ↑ RMS  
15a F  sig valg   sig valg      
19a F                     
20a F  sig valg sig valg        
21a F ↓ pkf        ↑ RMS  
22a F        ↓ RMS  
23a F                     
           
5a M   sig valg  sig valg   ↑ RMS ↑ RMS  
8a M ↓ pkf  sig var        
16a M                     
17a M ↓ pkf sig var sig var  sig var     ↑ RMS 
24a M    sig var   ↓ RMS    
26a M ↓ pkf     ↑ RMS    ↑ RMS 
28a M   sig valg sig var  ↑ RMS     
29a M                     
33a M                     
35a M ↓ pkf sig valg sig valg sig valg    ↓ RMS  
36a M         ↑ RMS  
37a M   sig valg      ↑ RMS  

↓ indicates a decrease in that variable 
↑ indicates an increase in that variable 
sig var = significant in the varus direction 
sig valg = significant in the valgus direction 
*Each cell that is occupied indicates that it was significant for that particular variable 
 

 Three female (21%) and two male (17%) subjects showed a significant increase in 

FPmax.  One of the angles for the female subject was in the varus position and the other 

two in the valgus position whereas the male subjects had one in the varus position and 

one in the valgus position.  Four female (29%) and six male (50%) subjects showed a 

significant increase in FP30.  The four female subjects were split 2-2 between the varus 

and valgus positions.  The male subjects had two in the varus position and four in the 

valgus position.  Three female (21%) and three male (25%) subjects showed a significant 

Texas Tech University, Michael P. Smith, August 2005



 67

increase in FProm30.  One female (7%) and two male (17%) subjects showed a 

significant increase in FPrommax.  All of the EMG variables demonstrated an increase in 

amplitude (RMS) in at least two subjects with the exception of the vastus medialis muscle 

which showed a significant decrease in RMS in only one subject (male subject).  The 

medial and lateral hamstring muscles were the most common increase in RMS. 

 

DISCUSSION 

 The purpose of this study was to investigate the effects of fatigue and gender on 

frontal plane knee motion during drop-jump landing.  Additionally, neuromuscular and 

ground reaction force characteristics that are thought to be related to the control of the 

frontal plane knee motion were also investigated.  It was hypothesized that 1) women 

would exhibit greater dynamic frontal plane motion (decreased vertical GRF and 

decreased EMG amplitude) than men due to altered neuromuscular control; 2) fatigue 

would result in an increase in dynamic frontal plane motion, an increase in EMG 

amplitude, and a decrease in vertical ground reaction force when compared to the non-

fatigue condition. 

 The first hypothesis that women would exhibit greater dynamic frontal plane 

motion (decreased vertical GRF and decreased EMG amplitude) than men due to altered 

neuromuscular control was not supported.  Women did exhibit a decrease in Pkf but so 

did the men.  There was no gender effect.  There were no significant differences between 

men and women for dynamic frontal plane motion or any of the influencing 

characteristics (EMG amplitude, Pkf).  Although these results seem to contradict the 

current literature, there may be a methodological explanation.  The reference position 
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(zero degrees) for dynamic frontal plane motion was quantified while the subject was 

standing still in the anatomical position, therefore, the amount of valgus motion measured 

did not account for initial differences in limb alignment that is often observed between 

men and women.  A subject that had genu valgum already would have been in a valgus 

position and may not have been able to move into a significantly greater valgus position 

during the landing.  To account for the static malalignment a static valgus measurement 

could have provided insight into a more accurate understanding of the valgus motion at 

the knee.  This was one of the limitations of the study.  Another explanation for the 

results may be that as the valgus angle surpasses 10° the ability of the neuromuscular 

system to react and protect the joint significantly decreases.33  Perturbations of knee 

valgus in the range of 5° to 10° will activate a reflex response that causes the medial and 

lateral muscles of the knee to stabilize the knee joint.33  If the female subjects began the 

activity in an already valgus loaded position they may already be closer to the threshold 

position that will activate the muscular reflex and therefore less motion into valgus will 

exceed the threshold resulting in a stabilizing reflex of the surrounding musculature.  

Placing a stretch on the joint and its surrounding structures (static and dynamic) increases 

the sensitivity of the afferent nerve fibers allowing the protective reflex to fire sooner 

than if it were associated with normal skeletal alignment.34   

 The results of the single-subject analysis provided some interesting insight into 

the overall results.  The group results only revealed a significant decrease in Pkf during 

the fatigue condition.  The single-subject, results, however, identified many female and 

male subjects who exhibited increased Pkf, which could indicate an increased risk of 

injury.  The significance probably did not reveal itself in the group statistics because of 
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the large variance for most of the variables (Table 2.2).  The single-subject analysis 

revealed significant increases in frontal plane angle and motions for both women and 

men.  The amount and types of motion were almost equal for both women and men 

(Table 2.2).  Single-subject analysis also revealed that increased motion in the frontal 

plane occurs equally as much into the varus position as it does into the valgus position.  

This, again, contradicts current literature that typically discusses increased valgus as a 

potentially injurious motion.  The movement into varus may be a significant finding since 

a valgus or varus moment can increase the stress on the ACL.9  Markolf et al.9 (1995) 

reported that the greatest load placed on the ACL is when there is minimal knee flexion, 

tibial internal rotation, and a valgus or varus moment.  Therefore, it is frontal plane 

motion in conjunction with sagittal and transverse plane motions that may pathologically 

load the ACL and not just frontal plane motion into valgus. 

 Altered neuromuscular control was also identified by the single-subject analysis.  

There did not seem to be a gender effect, however, as both female and male subjects 

showed similar amplitude alterations.  The changes in RMS were not demonstrated in the 

group statistics mostly likely due to the large variance (Table 2.2).  The medial and 

lateral hamstring muscles were the most often affected.  Four female (29%) subjects had 

a significant RMS increase to the medial hamstring, yet only one male (8%) subject had 

the same result.  Two female (14%) subjects had a significant increase of the RMS but 

three male (25%) subjects had the same result.  Therefore, it seems that an increase in 

RMS may indicate fatigue in the hamstring muscles allowing for a decline in 

neuromuscular protection of the knee joint.35  There does not appear to be a significant 

difference between men and women but this is a qualitative assessment because the 
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single-subject assessment did not specifically examine the difference between men and 

women.  There were five women (36%) and four men (33%) that appear to be most at 

risk for an ACL injury based on the single-subject analysis.  Subjects 3a, 4a, 5a, 9a, 28a, 

and 17a appear to be the most at risk subjects.  Subjects 3a, 4a, and 28a had one 

significant frontal plane variable and one significant EMG variable, whereas 5a and 9a 

had two significant frontal plane variables and two significant EMG variables and 17a 

had three significant frontal plane variables and one significant EMG variable.  The 

remaining subjects, 7a, 15a, and 20a had two significant frontal plane variables and no 

significant EMG variables.  Although the later three did not have significant EMG 

variables they still may be at risk of injury because of the excessive frontal plane motion 

of the knee. 

 The second hypothesis that fatigue would result in an increase in dynamic valgus, 

an increase in EMG amplitude, and a decrease in vertical ground reaction force when 

compared to the non-fatigue condition was only partially supported by the group 

statistics.  Peak vertical ground reaction forces were significantly less during the fatigue 

condition when compared to the pre-fatigue condition.  Men exhibited greater Pkf during 

both non-fatigue and fatigue conditions when compared to women.  Both groups, 

however, showed a significant reduction in Pkf during the fatigue event which is 

consistent with many studies.36-38  The reduction in Pkf can be attributed, at least 

somewhat, to an increase in knee flexion during the landing.  When men were fatigued 

they landed with about 5° more knee flexion when compared to the non-fatigue event.  

The females showed virtually no difference (0.7° decrease of knee flexion during fatigue 

state).  Decker et al.8 (2003) found that there was no difference in peak ground reaction 
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forces between males and females in the non-fatigued condition.  This was explained by 

the females exhibiting greater ankle plantar flexion which would allow them more shock 

absorption.  The current study did not look at ankle kinematics and, therefore, cannot 

support or refute the claim.  Decker’s study also did not include fatigue within its 

protocol8.  James et al.39 (2003) found that males increased ground reaction forces during 

a prolonged fatigued state and showed a significant decrease in knee flexion during 

landing.  

It is widely believed that increased peak GRFs can lead to injury.  Dufek and 

Bates40 (1991) reported in a literature review that an increase in GRF during landing 

places more stress on the system and leads to an increased rate of injury.32  Hewett et al.7 

(1996) were able to demonstrate a significant decrease in GRF in female athletes 

following a structured six-week plyometric training program.  In a follow-up study 

Hewett et al.20 (1999) were able to demonstrate that the six-week plyometric training 

program significantly decreased ACL injuries.  Therefore, it is important for athletic 

people to develop landing strategies that will aid in the reduction of GRFs.  Injury to the 

ACL involves more combined loading with valgus or varus moments and tibial internal 

rotation.  Increased GRF in the fatigued condition may place more stress on the ACL and, 

therefore, contribute to an ACL injury in conjunction with the above mechanism.  The 

increased peak force during a fatigue condition will transmit more through the non-

contractile structures such as the bone, joint capsule, and ligaments because the fatigued 

muscle will have decreased ability to attenuate these forces.19 

Based on the group results, fatigue did not play a major role in the frontal plane 

motion group statistics.  This may be explained by the concept present by Miura et al.23 
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(2004).  Miura et al.23 investigated the effects of local and general fatigue on knee 

proprioception.  It was reported that there was no significant change in knee 

proprioception after local fatigue was induced, although there was a significant decrease 

in knee extensor and flexor torque.  There were significant proprioception deficits when a 

general fatigue protocol was used.23  General fatigue occurs when the reflex pathways to 

the higher motor control centers become compromised and make an individual more 

susceptible to injury.23  The reflex pathways may become compromised at the 

neuromuscular junction not allowing afferent information to reach the central nervous 

system (CNS).54  In this study the fatigue was localized to the knee joint.  It is possible 

that the mechanoreceptors in the joint capsule and collateral ligaments were able to 

continue sending signals to the CNS that activated the muscle reflexes around the knee 

joint allowing for dynamic stability.  This local type of fatigue is usually a result of a 

decrease in the pH due to an increase in cations.54  This will affect the actin-myosin cross 

bridge formation during the short exercise bout but there is minimal recovery time after 

cessation of the exercise allowing normal muscle function.54  Zhang et al.41 (2001) 

reported that a 5° valgus perturbation will result in muscle contraction causing a varus 

moment large enough to counteract a high external valgus load.  It seems that general 

fatigue must occur to disrupt the neuromuscular reflexes diminishing the muscles ability 

to dynamically stabilize the knee joint (this study incorporated a local fatigue protocol).  

This is in agreement with the reports that the majority of knee injuries occur in the second 

half of a sporting contest.42  This may explain why there were no significant results in 

this study because it only fatigued the local area (lower extremity).  This study used 

maximal isometric contractions which, most likely, caused an increase in cations 
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decreasing the pH resulting in decrease crossbridge formation during the activity.  

However, once the activity ended and the subject began the fatigue landings the muscle 

had probably recovered allowing neuromuscular control similar to that seen in the pre-

fatigue landings.  A general fatigue protocol may have elicited significant results, because 

it could be assumed that general fatigue is present in the second half of an athletic event, 

this is an area that needs further investigation.  General fatigue results in a disruption of 

the central processing pathways that will diminish the ability of the mechanoreceptors of 

the joint to communicate with the central processing centers (brain).23 

 Stiffness of the knee joint may play a role in the results seen in this study.  

Stiffness is an important mechanism needed for optimal performance.43  Too much 

stiffness often is associated with bone injuries (e.g. stress fractures) where too little 

stiffness is associated with soft tissue injuries (e.g. ligament and tendon).44  Rodacki et 

al.45 (2001) investigated the effects of fatigue on the lower extremity coordination.44  It 

was reported that knee stiffness was significantly greater in the presence of fatigue when 

compared to the pre-fatigue conditions.44  The type of fatigue seemed to be more 

localized than general and therefore supports the findings of Miura (2004).23  Since 

general fatigue was not achieved it may be possible that the lack of significant results is 

due to the higher center motor control pathways that increase joint stiffness.24  It may be 

more appropriate to perform the study with a general fatigue protocol that mimics more 

closely the fatigue conditions of a sporting event.  Examples may include shuttle runs, 

interval sprints on a treadmill or other athletic surface, or anything that will induce 

fatigue of the entire system. 
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 An increase in EMG amplitude and a decrease in torque production are signs of a 

fatiguing muscle.  Torque was not measured in this study and, therefore, an increase in 

amplitude was expected during the fatigue condition.  This did not occur.  The fact that 

general fatigue was not present may be an indication of why the amplitude of EMG 

would not be affected.  The higher control centers were still capable of recruiting 

adequate motor units to maintain the amplitude during the non-fatigue and fatigue 

conditions.  Females demonstrated an increase in amplitude for three of the five muscles 

tested (MH, LH, & GA), but they were not significant increases.  Men had a non-

significant increase in amplitude for three muscles (VL, LH, & GA).  The fact that 

amplitude did increase (albeit not significantly) may be an indication that fatigue must 

have already set in or was already present.  The muscles ability to maintain neural 

activity in the state of fatigue is believed to be a result of many processes including: 

increased excitation of the motor neuron pool by the descending drive, intrinsic 

adaptation of the motor neuron among others.46  An interesting area for future research 

would be to try to determine the effects of fatigue on muscle firing patterns.  An 

increased latency of muscle firing could contribute to increased valgus motion at the knee 

or even increased GRF. 

 The single-subject analysis revealed some interesting results.  Three female (21%) 

and two male (17%) subjects showed a significant increase in FPmax as a result of 

fatigue.  One of the angles for the female subject was in the varus position and the other 

two in the valgus position whereas the male subjects had one in the varus position and 

one in the valgus position.  As mentioned above it may not matter which frontal plane 

direction the motion travels because Markolf et al.9 (1995) identified varus or valgus as 
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loading the ACL particularly when accompanied by sagittal and transverse plane 

motions.   

Four female (29%) and six male (50%) subjects showed a significant increase in 

FP30.  The four female subjects were split 2-2 between the varus and valgus positions.  

The male subjects had two in the varus position and four in the valgus position.  Ten of 

the twenty-six subjects (38%) had a significant increase in frontal plane angle at 30° of 

flexion as a result of fatigue.  This may help to explain why the majority of non-contact 

ACL injuries occur with the knee in less than 30° of flexion.1,13  In this position the 

quadriceps muscles are at an optimal angle to provide anterior shear force and the 

hamstrings are at a mechanical disadvantage to co-contract.  Renström et al.47 (1986) 

reported that the quadriceps muscles could significantly increase the strain on the ACL at 

flexion angles less than 45° during simulated isometric and isotonic contractions when 

compared with passive normal strain.  Although there maybe an increased strain on the 

ACL to anterior shear forces McLean et al.19 (2004) demonstrated that anterior shear 

forces cannot reach high enough levels to cause the ACL to fail in subject-specific 

forward dynamic musculoskeletal models.  The inability of the hamstrings to co-contract 

will allow anterior shear force in the sagittal plane and will also limit the hamstrings 

ability to protect the knee joint from frontal plane motions.1,48  This combination of 

motions may be enough for pathlogical loading of the ACL. 

During the fatigue condition both male and female subjects had a significant 

increase in FProm30 and FPrommax motions yet they were not significant when 

collapsed into group statistics.  Three female and three male subjects showed a significant 

increase in FProm30.  One female and two male subjects showed a significant increase in 
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FPrommax.  These increases in ROM were not strictly in one direction.  Most of the 

subjects osscilated from varus to valgus or vise versa.  These measures were used to 

determine how much ROM a subject goes through in the frontal plane during a landing 

activity.  This may help determine the neuromuscular control capabilities during a 

landing activity.  Interestingly,  all of the EMG variables demonstrated an increase in 

amplitude (RMS) in at least two subjects with the exception of the vastus medialis muscle 

which showed a significant decrease in RMS in only one subject (male subject) during 

review of the single-subject analysis.  The medial and lateral hamstring muscles were the 

most common increase in RMS.   

An increase in RMS is one indicator of fatigue of a muscle,35 although there 

might be other reasons for RMS increases.  Four of the nine subjects (44%) that 

demonstrated a significant increase in FProm30 or FPrommax had a significant increase 

in RMS of either the medial hamstring or the lateral hamstring with one subject having a 

significant increase in both medial and lateral hamstrings.  One subject (not one of the 

four) had a significant increase in RMS of the gastrocnemius muscle. 

Chan et al.49 (2001) reported a significant increase of the electromechanical delay 

of the quadriceps muscles, at varying degrees of knee extension, following a fatigue 

protocol.  The most significant delays were when the knee was extended 90° and 150°.49  

This may explain why the majority of non-contact ACL injuries occur when the knee is at 

150° of extension (or 30° of flexion).  A consequence of altered joint proprioception due 

to fatigue is a decrease in neuromuscular control.34  Because of the increased latency 

periods during the fatigued stated muscles are not able to respond quickly enough to 

protect a joint from injury.   
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The effect of fatigue on frontal plane motion at the knee joint has not been studied 

by many researchers.  Huston and Wojtys50 (1996) reported that women rely more on 

their quadriceps than their hamstrings in response to anterior tibial translation during a 

fatigued state, which increases strain on the ACL.  They also reported that females took 

significantly longer than males to generate peak hamstring torque during isokinetic 

testing.  The Huston study50, however, did not include functional activities and only 

focused on a single leg.  Wojtys et al.21 (1996), in a different study, showed that isotonic 

and isokinetic strength training of the lower extremity musculature does not appear to 

improve reaction time to anterior tibial translation, whereas agility exercises do.  This 

result is similar to what has been reported, which indicate agility and plyometric exercise 

can increase functional stability of the knee by reducing anterior tibial translation and 

dynamic valgus.10,36  Wojtys et al.22 (1996), in yet another study, reported the effects of 

muscle fatigue on neuromuscular function and anterior tibial translation in healthy knees.  

They reported that fatigue does alter the neuromuscular response to anterior tibial 

translation.  Therefore, fatigue may play a role in the pathomechanics of knee injuries.  

This study by Wojtys was done by isokinetic fatigue on a single leg with the subject in a 

static position.   

Osternig et al.48 (1995) investigated the coactivation patterns of the biceps femoris 

muscle between healthy knees and ACL injured knees.  They reported that during knee 

extension the hamstrings produced approximately 15 – 40% of the activity in which they 

produced during knee flexion.48  This indicates that the hamstrings co-contract during 

extension trying to help stabilize the knee joint.48  During fatigue conditions, the ability 

of the hamstrings to co-contract may be jeopardized placing the knee at risk for injury.  

Texas Tech University, Michael P. Smith, August 2005



 78

Rozzi et al.2 (1999) investigated knee joint laxity and neuromuscular characteristics of 

male and female soccer and basketball players.  They reported that women had 

significantly greater knee joint laxity in the sagittal plane.  They also reported that 

women reached peak hamstring torque quicker than the men.  They explained this by 

speculating that due to the increased sagittal plane laxity the hamstrings had reacted 

quicker in order to protect the knee.  They went on to speculate that during a fatigue 

condition this neuromuscular adaptation may be compromised and contribute to the 

increased ACL injury rate seen in women.2 

CONCLUSION 

Rupture of the ACL is a devastating injury to both women and men.  It results in 

significant time lost from functional activities (such as sports or work) and may 

predispose the patient to early onset of osteoarthritis.52,53  It is well documented that ACL 

injuries are multifactorial in nature.  The factors most commonly investigated include: 

anatomical factors,3-6 biomechanical factors,7-10 and physiological factors.11,12  

Understanding these factors may lead to better preventative measures that will decrease 

the ACL injury rate in both males and females.  The results of this study, however, raise 

more questions than provide answers.  Future research needs to be conducted using a 

larger sample and should include a fatigue protocol that provides general fatigue, or a 

comparison of general and local fatigue protocols.  It also would be important to evaluate 

the kinematics of the tibia and the hip joint. 

 It was found in this study that there was no gender effect for any of the dependent 

variables.  There were, however significant fatigue effects.  Frontal plane motion was 

significantly different for both men and women, based on the single-subject analysis, and 
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was not limited to the valgus direction.  It might be that motion in either direction of the 

frontal plane accompanied with abnormal motion of the sagittal and transverse planes can 

pathologically load the ACL.9  Increasing neuromuscular control of all of the muscles 

crossing the knee joint may help prevent these excessive pathological motions.   

Based on the single-subject analysis medial and lateral hamstring fatigue was the 

most prevelant.  Neuromuscular training as well as endurance training of the hamstring 

muscles may be beneficial in maximizing the protective benefit of the hamstring muscles 

during activity.  The other muscles demonstrated sporadic signs of fatigue.  It may be 

equally as beneficial to incorporate total lower extremity neuromuscular control and 

conditioning regimens to maximize the protective benefits of all the lower extremity 

muscles against ACL injury.  Fatigue does not increase ground reaction forces or frontal 

plane motion in female and male recreational athletes. 
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Figure 2.4.  Platform Setup  

 

 
Figure 2.5.  Isometric Squat/MVC set-up 
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CHAPTER III 

“Identifying Clinical Measures as Predictors of Dynamic Frontal Plane Motion in 

Female and Male Recreational Athletes” 

 

INTRODUCTION 

The structural alignment of lower extremity has been implicated as a contributing 

factor to both overuse and traumatic injuries.1,2  Structural characteristics and their 

contribution to non-contact ACL injuries has been studied yielding mixed results.  For 

example, Trimble et al.3 (2002) found no relationship between genu recurvatum and ACL 

injury, yet Loundon et al.4 (1996) reports a relationship between genu recurvatum and 

ACL injuries.  Trimble et al.3 (2002) did not find the thigh-foot angle measurement to be 

correlated or contribute significantly to the multiple regression equation, but Meister5 

(1999, unpublished, as in Griffin) found a significant relationship between thigh-foot 

angle measurements and ACL injuries.  Other measures such as quadriceps angle (Q-

angle), navicular drop (ND), knee ligament laxity, and pelvic alignment have all been 

reported in the literature as potential contributing factors to ACL injuries.1-5   

It has been determined that 70% of all ACL tears occur as a result of a non-

contact mechanism.6  Excessive dynamic frontal plane motion may be a cause of non-

contact ACL injuries.  Being able to predict dynamic frontal plane motion from clinical 

measures of structural alignment of the lower extremity may provide clinicians with an 

easy screening tool to identify at risk athletes.  Once identified as “at risk” athletes can be 

placed on specific neuromuscular training programs and perhaps other measures to help 

reduce the risk of ACL injury. 
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Skeletal alignment of the lower extremity has been investigated to determine if 

malalignment plays a significant role in non-contact ACL injuries.  Loudon et al.4 (1996) 

investigated the relationship between static posture and ACL injury in the female athlete.  

They reported that females who exhibited genu recurvatum and excessive subtalar joint 

(STJ) pronation had a strong association with non-contact ACL injuries.4  Trimble et al.3 

(2002) discovered that excessive STJ pronation and sex (female) were related to the 

degree of anterior tibial translation.  Trimble et al.3 did not support Loundon et al.4 

findings that linked genu recurvatum to non-contact ACL injuries.  Trimble suggested 

that the retrospective nature of the Loudon study mistook post-injury alignments (genu 

recurvatum) as normal postural measures.   

Excessive STJ pronation has been reported by others as a possible malalignment 

that contributes to ACL injuries.8-10  When heel strike occurs during gait the foot is 

supinated, but immediately begins to pronate.  As stance phase occurs, excessive 

pronation leads to internal rotation of the tibia on the femur.10  Tibial internal rotation on 

the femur, with the knee flexed or extended, causes great stress on the ACL and may 

make it susceptible to injury.11  Other malalignments also have been investigated: thigh-

foot angle,3,5 pelvic tilt,4,7 tibial translation.3   

The only other measure reported to be significantly related to ACL injury was the 

thigh-foot angle.5  When the tibia is internally rotated at the knee joint it winds the ACL 

tight and increases the load on the ligament.12  Therefore, if a person already has an 

excessive tibia rotation the knee may be pre-loaded or in a position of excessive valgus or 

varus contributing to an ACL injury.  However, tibial torsion may occur in a way that 

does not affect the rotation at the knee joint (e.g. mid-shaft torsion).  This type of  torsion 
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may still alter the landing kinematics and/or kinetics indirectly resulting in excessive 

strain on the ACL.  Measurement of the thigh-foot angle (TFA) is an easy validated 

clinical measure of tibial torsion and may provide insight as to those who may be at risk 

for an ACL injury.   

Q-angle has been a measurement of interest for many years.  Q-angle is thought to 

provide a static measurement of valgus at the knee, therefore if static Q-angle is 

excessive, valgus also may be excessive and potentially place the ACL at risk.  Markolf 

et al.13 (1995) demonstrated that valgus force places an excessive load on the ACL and 

may lead to injury.  Navicular drop has been the only measure to consistently be linked to 

ACL injury.  Femoral torsion may place excessive stress on the medial aspect of the knee 

joint thus placing increased stress on the ACL.  Tibial torsion may also place increased 

stress on the medial aspect of the knee and thus the ACL.   

James et al. (2005) investigated the effects of these clinical measures, plus others, 

during a drop-jump activity.  They were investigated in a non-fatigued condition.  

Although these structural measures have been studied, yielding mixed results, they still 

persist in the literature.  These structural alignments have not been investigated, to the 

author’s knowledge, in relation to fatigue.  Wojtys et al.14 (1996) , reported the effects of 

muscle fatigue on neuromuscular function and anterior tibial translation in healthy knees.  

They reported that fatigue does alter the neuromuscular response to anterior tibial 

translation.  Besier, et al.15 (2003) reported a decrease in valgus/varus stiffness at the 

knee and less stiffness with tibial internal/external rotation when there is decreased 

muscle activation due to unanticipated activity.  As mentioned above, these are 

mechanisms of loading the ACL in a pathological way.  The relationship of abnormal 
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structural alignments and fatigue may provide useful information in understanding and 

preventing ACL injuries.  It is possible that fatigue will magnify the effects of decreased 

neuromuscular control when there are structural malalignments. 

Currently, screening individuals for dynamic frontal plane motion involves using 

quantitative video analysis.  This is time consuming and can be expensive.  The hope is 

that easy clinical measures can be used as a screening tool to identify those high risk 

individuals.  Once identified, those individuals can be assigned specialized training 

programs that have been shown to reduce the risk of ACL injury.16  The purpose of this 

study was to examine the relationships between static anatomical structural 

characteristics and frontal knee motion.  Alterations in these relationships during fatigue 

were also investigated.  It was hypothesized that 1) there will be a positive relationship 

between the four clinical measures (independent variables) and the four frontal plane 

measures (dependent variables), 2) the variables that have a positive relationship will be 

strong predictors of frontal plane motion, and 3) fatigue will magnify the relationship 

between the dependent and independent variables and will increase the predictability of 

the independent variables. 

 

METHODS 

Subjects 

Twenty-six (14 women and 12 men) healthy active volunteers of average height 

and weight, between the ages of 18 and 35 years old, participated in the study (Mage = 

24.5 ± 2.7).  Each subject reported no prior ACL injury.  Activity level was determined 

by the subject rating his/her activity level based on the Physical Activity Level Scale 
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described by Wojtys et al. (1996) (Table 3.1).17  Only subjects that reported a score of 6 

or 8 on the scale were accepted into the study.  Each subject completed a questionnaire to 

determine their eligibility for the study.  Smokers and pregnant females were not eligible 

to participate.  Anyone who had been formally trained in jump landing techniques or was 

currently a member of an NCAA or NAIA sanctioned sports team was not be eligible.  

Each subject read and signed an informed consent that had been approved by the 

institutions institutional review board (IRB).  Project approval was granted by the IRB at 

the investigating institution. 

 

Table 3.1.  Physical Activity Level16 
Score                               Activities 
10          Competitive jumping, turning, twisting sports 
8            Recreational jumping, turning, twisting sports 
6            Jog, bike, swim, occasional pivoting sports 
4            No jumping, turning, twisting sports; swim, bike, jog regularly 
2            No jumping, turning, twisting; occasional jog, swim, bike 
0            Inactive 
 

Measurement Procedures 

The anatomical measurements were completed by a single investigator (MPS).  

The subjects were asked to remove their shoes and socks and jump three times.  They 

were instructed not to move after the third landing.  This maneuver allowed the subjects 

to stand in their normal posture and not a posture they thought the investigator wanted 

them in.  Q-angle was measured in the upright standing position as described by Loudon 

et al.4 (1996).  A line was drawn from the anterior superior iliac spine to the mid-point of 

the patella on the same side and from the tibial tubercle to the mid-point of the patella.  

The angle formed by the intersection of these to lines was determined to be the Q-angle.   
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Navicular drop (ND) was measured in standing as described by Hargrave et al.18 

(2003).  The height of the navicular tubercle was measured from the floor in the subtalar 

neutral position and then the height of the navicular tubercle in the normal relaxed 

standing position was measured.  The difference between these two measurements was 

determined to be the ND.  

Thigh-foot angle (TFA, a measure of tibial torsion) was measured as described by 

Stuberg et al.19 (1991).  The subject was prone with knee flexed to 90 degrees and the 

ankle in subtalar neutral position.  A line was drawn bisecting the calcaneous in a line 

continuous with the mid posterior shaft of the femur.  A second line was drawn bisecting 

ray of the second metatarsal. The angle formed by the intersection of the two lines was 

measured with a goniometer and determined to be the TFA.   

Femoral anteversion (Craig’s Test) was measured as described by Magee 

(1997).20  The subject was prone with the knee flexed to 90 degrees.  The posterior aspect 

of the greater trochanter of the femurwas palpated. The hip was passively rotated 

medially and laterally until the greater trochanter was parallel with the examining table. 

The degree of femoral anteversion was determined by using an inclinometer placed on 

the shaft of the tibia. 

Kinematic Assessment.   

Frontal plane motion of the right knee was assessed using an electrogoniometer 

with a four channel amplifier (Penny & Giles K100 & XM180, Santa Monica, CA) fitted 

to the lateral aspect of the knee.  Data were recorded and stored via the analog module of 

an Ariel Performance Analysis System (1000 Hz; APAS; Coto De Caza, CA.). 
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 Figure 3.1.  Representative graph of frontal plane motion 

 
Testing Procedure 

Immediately following subjects’ set up they warmed up on a cycle ergometer for 

5 minutes at their own pace.  Following the warm up the subjects took their position on 

the 50 cm platform (figure 3.2).  The subjects were given verbal instructions, a 

demonstration by one of the authors (MPS), and allowed three practice landings in order 

to ensure proper technique was being employed.  The subjects then performed 10 

acceptable pre-fatigue landings, from the 50 cm platform, landing with their right foot on 

the force platform with a SGA-6 amplifier (AMTI OR6-5-2000 Watertown MA) and 

their left foot on the floor next to the force platform.  GRF data were collected at 1000 Hz 

using the APAS.  GRF data were used for timing only and not analyzed in the current 

study.  Electromyographic (EMG) data were collected on five muscles but not analyzed 

for the current study (see chapter II of this document).  The subjects were instructed to 

jump for an object suspended from the ceiling as soon as they landed.  After the data 

were saved the subjects began the fatigue protocol as described by James et al (2004, 

abstract).21  The subjects stood with their feet on pre-marked areas of the force plate with 

their knees flexed to 60°.  This angle has been reported to generate the greatest torque at 

the knee extensor mechanism.21  They were asked to perform a maximum voluntary 

isometric contraction (MVC) in the 60° squat position (figure 3.3).  After the MVC the 
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subjects performed repeated bouts of 15 seconds of isometric contraction and five 

seconds relaxation until they reached fatigue (less than 50% of their MVC).  Force output 

was monitored by watching a computer monitor that displayed the real time force 

generation from the force platform.  During the contraction phase the subjects were given 

verbal encouragement in order to maximize effort.  Immediately following the last bout, 

5 acceptable post-fatigue landings, from the 50 cm platform, onto the force platform were 

recorded and saved. 

Statistical Analysis 

 A correlation matrix was constructed to determine the relationship among the 

dependent variables and between the dependent and independent variables.  Following 

generation of the correlation matrix the two variables that showed the highest positive 

relationship were used in a linear regression model to determine the predictive value of 

the variables.  Four frontal plane motion dependent variables were obtained from a 

customized MATLAB (The Mathworks, Inc., Natick, MA) program (frontal plane angle 

at maximum knee flexion (FPmax), frontal plane range of motion from contact to 

maximum knee flexion (FPrommax), frontal plane angle at 30° of knee flexion (FP30), 

frontal plane range of motion from contact to 30° knee flexion (FProm30)).  The 

dependent variables had two levels (non-fatigue and fatigue).  Four independent variables 

(Q-angle, navicular drop, thigh-foot angle, and femoral torsion) were used for linear 

regression analysis.  Regression analysis was used for significantly correlated variables in 

three groups (total group, women only, and men only).  Analysis was performed using 

SPSS (12.0, Chicago, Il.) with an alpha level of 0.05.   
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RESULTS 

Group Results 

The descriptive statistics (mean and standard deviation) for all variables are 

located in table 3.2.  The correlation matrix for the non-fatigue group data revealed a 

significant relationship between FP30 and TFA (r = 0.39) and a significant positive 

relationship between FProm30 and TFA (r = 0.33).  The correlation matrix for the fatigue 

group data revealed a significant positive relationship between FProm30 and TFA (r = 

0.35).  Tables 3.3 and 3.4 show the correlation coefficients for each variable.  The 

Regression models did not find any of the correlated variables to be significant predictors 

but the beta weights indicate that TFA is the most important predictor of frontal plane 

motion for this model, particularly with FP30 and FProm30 (Tables 3.5 & 3.6).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Texas Tech University, Michael P. Smith, August 2005



 95

Table 3.2. Descriptive statistics for all variables 
 Variable Mean Standard Deviation 
Group QA (deg) 16.19 5.38 
 ND (cm) 0.84 0.46 
 TFA (deg) 7.62 5.95 
 FT (deg) 9.88 4.58 
 FPmax Pre-Fatigue 

FPmax Fatigue 
1.79 
1.83 

13.15 
13.51 

 FP30 Pre-Fatigue 
FP30 Fatigue 

3.81 
3.18 

5.58 
5.27 

 FProm30 Pre-Fatigue 
FProm30 Fatigue 

2.12 
2.57 

3.21 
3.63 

 FPrommax Pre-Fatigue 
FPrommax Fatigue 

0.09 
1.22 

10.86 
11.38 

    
Men QA 12.58 4.91 
 ND 0.81 0.54 
 TFA 8.33 7.09 
 FT 8.50 4.38 
 FPmax Pre-Fatigue 

FPmax Fatigue 
-2.61 
-1.07 

14.98 
16.53 

 FP30 Pre-Fatigue 
FP30 Fatigue 

1.91 
1.25 

5.80 
5.26 

 FProm30 Pre-Fatigue 
FProm30 Fatigue 

0.36 
1.50 

3.17 
2.96 

 FPrommax Pre-Fatigue 
FPrommax Fatigue 

-4.16 
-0.82 

12.82 
14.18 

    
Women QA 19.29 3.60 
 ND 0.86 0.40 
 TFA 7.00 4.98 
 FT 11.07 4.57 
 FPmax Pre-Fatigue 

FPmax Fatigue 
5.55 
4.31 

10.46 
10.27 

 FP30 Pre-Fatigue 
FP30 Fatigue 

5.44 
4.83 

5.01 
4.87 

 FProm30 Pre-Fatigue 
FProm 30 Fatigue 

3.62 
3.48 

2.45 
4.00 

 FPrommax Pre-Fatigue 
FPrommax Fatigue 

3.73 
2.96 

7.54 
8.46 
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Table 3.3.  Correlation Matrix for Group – Non-fatigue Condition 
 QA ND TFA FT 
FPmax 0.08 0.04 0.27 -0.01 
FP30 0.06 0.04 0.39* -0.02 
FProm30 0.14 0.07 0.33* -0.23 
FPrommax 0.02 0.03 0.23 -0.07 
* Correlation is significant at the level 0.05 (One-Tailed) 
 
 
Table 3.4.  Correlation Matrix for Group –Fatigue Condition 
 QA ND TFA FT 
FPmax 0.13 0.07 0.26 0.10 
FP30 0.02 0.01 0.32 0.02 
FProm30 0.116 -0.02 0.35* 0.17 
FPrommax 0.20 0.08 0.26 0.05 
* Correlation is significant at the level 0.05 (One-Tailed) 
 
 
Table 3.5.  Regression Model for Correlation Coefficients (Group non-fatigue) 

 
 
 
Table 3.6. Regression Model for Correlation Coefficients (Group Fatigue)  

Dependent 
Variable 

Independent 
Variable 

Individual 
R2 

Individual  
p – Value 

Beta 
Weights 

Model 
R2 

Model 
p – Value 

FPmax TFA 
QA 

0.06 
0.02 

0.11 
0.27 

0.24 
0.05 

0.07 0.46 

FP30 TFA 
FT 

0.10 
0.0005 

0.06 
0.46 

0.32 
0.05 

0.10 
 

0.29 

FProm30 TFA 
QA 

0.12 
0.01 

0.04 
0.29 

0.35 
0.003 

0.12 0.22 

FPrommax TFA 
QA 

0.07 
0.04 

0.10 
0.17 

0.22 
0.12 

0.08 0.37 

 
 
 
 
 

Dependent 
Variable 

Independent 
Variable 

Individual 
R2 

Individual 
p - Value 

Beta 
Weights 

Model 
R2 

Model 
p - Value 

FPmax TFA 
QA 

0.07 
0.006 

0.09 
0.35 

0.27 
0.01 0.07 0.42 

FP30 TFA 
QA 

0.15 
0.004 

0.03 
0.38 

0.41 
0.08 0.15 0.15 

FProm30 TFA 
ND 

0.11 
0.006 

0.05 
0.36 

0.33 
0.07 0.12 0.25 

FPrommax TFA 
ND 

0.05 
0.002 

0.13 
0.40 

0.23 
0.05 0.05 0.53 
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Results for Men 

The correltation matrix for the men (non-fatigue) revealed a significant positive 

relationship between; FPmax and QA (r=0.61), FP30 and QA (r=0.55), and FPrommax 

and QA (r=0.51).  During the fatigue condition, however, there were no significant 

relationships between the variables.  Tables 3.7 and 3.8 show the correlation coefficients 

for each variable.  The Regression models did not find any of the correlated variables to 

be significant predictors but the beta weights indicate that QA is the most important 

predictor of frontal plane motion for this model (Table 3.9 & 3.10). 

 

Table 3.7.  Correlation Matrix for Men –Non-fatigue Condition 
 QA ND TFA FT 
FPmax 0.61* -0.03 0.24 0.24 
FP30 0.55* -0.12 0.41 0.16 
FProm30 0.21 -0.07 0.21 -0.04 
FPrommax 0.51* 0.001 0.16 0.20 
* Correlation is significant at the level 0.05 (One-Tailed) 
 

Table 3.8.  Correlation Matrix for Men - Fatigue Condition 
 QA ND TFA FT 
FPmax 0.46 0.04 0.22 0.29 
FP30 0.43 -0.25 0.28 0.20 
FProm30 0.44 -0.36 0.30 -0.05 
FPrommax 0.47 0.07 0.22 0.25 
* Correlation is significant at the level 0.05 
** Correlation is significant at the level 0.01 
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Table 3.9.  Regression Model for Correlation Coefficients (Men Non-fatigue) 
Dependent 
Variable 

Independent 
Variable 

Individual 
R2 

Individual 
p – Value 

Beta 
Weights 

Model 
R2 

Model 
p - Value 

FPmax QA 
TFA 
FT 

0.37 
0.06 
0.06 

0.02* 

0.23 
0.23 

0.69 
0.18 
0.19 

 
0.42 

 
0.20 

FP30 QA 
TFA 

0.30 
0.17 

0.03* 

0.09 
0.47 
0.15 

0.32 0.18 

FProm30 QA 
TFA 

0.04 
0.05 

0.26 
0.25 

0.12 
0.14 

0.06 0.77 

FPrommax QA 
FT 

0.26 
0.04 

0.04* 
0.27 

0.50 
0.15 

0.29 0.22 

* p < 0.05 – indicates QA is a significant predictor of FPmax 

 

Table 3.10.  Regression Model for Correlation Coefficients (Men Fatigue) 
Dependent 
Variable 

Independent 
Variable 

Independent 
R2 

Independent  
p – Value 

Beta  
Weights 

Model 
R2 

Model 
p - Value 

FPmax QA 
FT 

0.21 
0.08 

0.07 
0.19 

0.44 
0.24 

0.27 0.24 

FP30 QA 
TFA 

0.18 
0.08 

0.08 
0.19 

0.40 
0.05 

0.18 0.19 

FProm30 QA 
TFA 

0.19 
0.09 

0.08 
0.17 

0.39 
0.08 

0.20 0.38 

FPrommax QA 
FT 

0.23 
0.06 

0.06 
0.22 

0.46 
0.20 

0.27 
 

0.25 

 
 
 
Results for Women 

The correlation matrix for the women (non-fatigue) revealed a significant positive 

relationship between FProm30 and TFA (r=0.49).  During the fatigue condition there 

were no significant relationships found.  Tables 3.11 and 3.12 show the correlation 

coefficients for each variable.  The regression model for FProm30 and TFA was not 

significant but the beta weights indicate that TFA and ND are the most important 

predictors of frontal plane motion for the pre-fatgiue and fatigue condition, respectively 

(Table 3.13 & 3.14). 
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Table 3.11.  Correlation Matrix for Women – Non-fatigue Condition 
 QA ND TFA FT 
FPmax 0.01 0.23 0.26 -0.09 
FP30 0.12 0.32 0.32 0.00 
FProm30 0.39 0.42 0.49* -0.18 
FPrommax 0.06 0.25 0.31 -0.18 
* Correlation is significant at the level 0.05 (One-Tailed) 
 

Table 3.12.  Correlation Matrix for Women –Fatigue Condition 
 QA ND TFA FT 
FPmax 0.11 0.16 0.27 -0.03 
FP30 0.09 0.37 0.33 0.08 
FProm30 0.39 0.30 0.40 -0.13 
FPrommax 0.26 0.13 0.32 -0.07 
* Correlation is significant at the level 0.05 (One-Tailed) 
 
 
Table 3.13.  Regression Model for Correlation Coefficients (Women Non-fatigue) 

Dependent 
Variable 

Independent 
Variable 

Individual 
R2 

Individual 
p – Value 

Beta 
Weights 

Model 
R2 

Model 
p - Value 

FPmax ND 
TFA 

0.05 
0.07 

0.21 
0.18 

0.15 
0.20 

0.09 0.61 

FP30 ND 
TFA 

0.10 
0.10 

0.13 
0.13 

0.23 
0.22 

0.14 0.43 

FProm30 ND 
TFA 

0.18 
0.24 

0.07 
0.04 

0.26 
0.38 

0.29 0.15 

FPrommax ND 
TFA 

0.06 
0.10 

0.20 
0.14 

0.14 
0.25 

0.11 0.52 

 
 

Table 3.14.  Regression Model for Correlation Coefficients (Women Fatigue) 
Dependent 
Variable 

Independent 
Variable 

Individual 
R2 

Individual 
p – Value 

Beta 
Weights 

Model  
R2 

Model 
p - Value 

FPmax ND 
QA 

0.03 
0.01 

0.29 
0.36 

0.21 
0.17 

0.05 0.74 

FP30 ND 
TFA 

0.14 
0.11 

0.10 
0.12 

0.28 
0.21 

0.17 0.36 

FProm30 TFA 
QA 

0.16 
0.15 

0.08 
0.09 

0.27 
0.26 

0.21 0.28 

FPrommax TFA 
QA 

0.10 
0.07 

0.13 
0.18 

0.25 
0.14 

0.12 0.50 
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DISCUSSION 

 The purpose of this study was to examine the relationships between static 

anatomical structural characteristics and frontal knee motion.  Alterations in these 

relationships during fatigue were also investigated.  It was hypothesized that 1) there will 

be a positive relationship between the four clinical measures (independent variables) and 

the four frontal plane measures (dependent variables), 2) the variables that have a positive 

relationship will be strong predictors of frontal plane motion, and 3) fatigue will magnify 

the relationship between the dependent and independent variables and will increase the 

predictability of the independent variables. 

It is difficult to control all of these anatomical variables which may be a reason 

that a strong correlation cannot be made.  Q-angle has been one of the most studied 

skeletal alignment characteristics of the lower extremity yet its role in contributing to 

ACL injury is still unclear.  Anecdotally, it seems that Q-angle, TFA, excessive ND, and 

femoral torsion contribute to ACL injury.  However, it is difficult to control all variables 

associated with these lower extremity alignment measures in the laboratory setting.  This 

study only examined the above mentioned measures without taking into consideration the 

contribution of pelvic alignment, rearfoot, and midfoot alignments.  This is a limitation of 

the study.  The measurements taken were with the subjects in a static position that does 

not accurately reflect the dynamic nature of athletic activity.   

The hypothesis that there will be a positive correlation between the four clinical 

measures (independent variables) and the four frontal plane measures (dependent 

variables) was partially supported.  The group correlation matrix revealed TFA and FP30 

to have a significant positive relationship during the pre-fatigue condition and TFA and 
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FProm30 to have a significant positive relationship during the fatigue condition.  The 

male subjects showed a significant positive relationship with QA and FPmax, FP30, and 

FPrommax during the pre-fatigue condition.  The female subject correlation matrix 

revealed a significant positive relationship between TFA and FProm30 during the non-

fatigue condition.  There were no significant relationships for the female matrix during 

the fatigue condition.   

Several studies have reported that Q-angle is not a significant predictor of ACL 

injuries.4,5,7,22  Q-angle has long been thought to be a predictor of genu valgum.  It has 

been shown that this measurement is unreliable.23  Displacement of the patella (lateral or 

medial) and/or excessive rotation of the tibia may skew the Q-angle measurement and not 

provide an accurate measurement of frontal plane knee posture.  Using the Q-angle as a 

static measurement of valgus angle of the knee requires that the patella, tibia, and femur 

be in proper alignment.  Assuming proper alignment static Q-angle measurements and 

dynamic valgus may be related.  Livingston and Spaulding10 (2002) reported that foot 

position alters Q-angle.  It was reported that a toe in position resulted in greater Q-angle 

measurements than toe-out positions.  In the current study Q-angle measurements were 

taken after the subject jumped three times and landed in a position natural to them.  

However, during sports activities athletes often find themselves in awkward positions 

which may alter the Q-angle and subsequently the force on the knee joint.  Investigating 

the effects of landing and/or cutting maneuvers with altered foot positions may provide 

more insight into the effects of foot position on Q-angle described by Livingston and 

Spaulding10 (2002).   
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Q-angle may affect the neuromuscular firing patterns of the quadriceps femoris 

muscle group.  Boucher et al.24 (1992) reported that during evaluation of quadriceps 

femoris muscle activity in patellofemoral pain (PFP) it was discovered five subjects with 

the largest Q-angles had a significantly less vastus medialis obliquus (VMO):vastus 

lateralis (VL) ratio when compared to the other groups and they also noted that the same 

ratio was even smaller at 15° of knee flexion compared to 90° of knee flexion.10  Schultz 

et al.25 reported differences in neuromuscular activation patterns in subjects with 

increased Q-angle measurements when compared to those subjects with Q-angle 

measurements within normal limits.   

Tibial torsion has been implicated as a direct or indirect contributor to non-contact 

ACL injuries by several authors.26-28  The results of this study found that there is a 

significant positive relationship between TFA and FP30 and FProm30 for the group and 

women, respectively.  The group results showed that TFA was positively related to 

FProm30 during both the non-fatigue and fatigue condition whereas the in the female 

group it was just the non-fatigue condition.  The TFA was not found to predict FP30 or 

FProm30 when used in a regression model.  When the tibia is internally rotated it winds 

the ACL tight and increases the load on the ligament.12  Therefore, if a person already has 

an excessive tibia rotation at the knee joint the knee may be pre-loaded or in a position of 

excessive valgus contributing to an ACL injury.  On the contrary, if tibial torsion occurs 

at the mid-shaft of the tibia it is unlikely that it will preload the ACL.  However, this mid-

shaft torsion may result in altered foot position from a drop-jump activity that may alter 

the kinematics and/or kinetics resulting in excessive loading of the ACL.  Reiger-Kruh & 

Keysor28 (1996) reported in a literature review that tibia in the internal rotation position 
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will cause excessive subtalar joint pronation.  Excessive subtalar joint pronation has been 

identified consistently as a contributing factor to non-contact ACL injuries.4,7,8  On the 

contrary, Trimble, et al (2002) reported that tibial torsion (measured by TFA) did not 

predict anterior tibial translation.  Anterior tibial  translation is often associated with ACL 

rupture.  However, other authors believe that either anterior tibial translation will not 

produce enough load for the ACL to fail29 or that motions from the frontal and/or 

transverse planes need to accompany the anterior tibial translation in order to load the 

ACL to failure.9  Wojtys et al.30 (2003) reported that tibial rotation plays an even greater 

risk to non-contact ACL injuries in women.  They report that women have a significant 

decrease in muscular stiffness during tibial internal rotation and therefore their muscles 

cannot protect against a potential pathologic load to the ACL.30  

Femoral torsion was not found to be related or a predictor of any of the frontal 

plane variables.  However, femoral torsion, anecdotally, appears to contribute to non-

contact ACL injuries.  There is little evidence either way to support or refute femoral 

torsion’s contribution to non-contact ACL injuries.  It is plausible to consider, however, 

that an excessive femoral anteversion will result in a torsion load placed on the ACL.  

Although this study did not provide any evidence of the role of femoral torsion and 

frontal plane motion, further investigation should include femoral torsion as a potential 

risk factor to non-contact ACL injuries because of the potential alteration of the knee 

joint articulation. 

It was somewhat surprising that the navicular drop test did not relate to any of the 

frontal plane variables.  Excessive subtalar joint pronation (as measured by ND) is the 

one structural characteristic that persists in the literature as a predictor of non-contact 
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ACL injuries.4,7,8,31  Excessive subtalar joint pronation has been linked by several 

investigators to ACL injury.8-10  When heel strike occurs during gait the foot is supinated, 

but immediately begins to pronate.  As stance phase occurs, excessive pronation leads to 

internal rotation of the tibia on the femur.18  Hertel et al.7 (2004) found that excessive 

pronation was present on most injured ACL lower extremities.  Of the subjects in the 

Hertel et al.7 (2004) study, it was found that subjects with excessive navicular drop were 

20 times more likely to have torn their ACL than those who did not have excessive 

navicular drop.  Beckett et al.31 (1992) reported that subjects with a unilateral ACL injury 

exhibited excessive subtalar joint pronation bilaterally, when compared to those who had 

two uninjured knees, regardless of gender.  Allen and Glasoe32 (2000) reported patients 

that suffered an ACL injury had a significantly increased navicular drop when compared 

to an uninjured control group that was matched for age, sex, and limb.  Trimble et al.3 

(2002) did not find a relationship between ND and anterior tibial translation.  James et 

al.27 reported that ND did not contribute to valgus angle at contact from a landing or the 

maximum valgus angle throughout the landing phase.   

 

CONCLUSION 

 Structural measures of the lower extremity continue to be linked anecdotally to 

non-contact ACL injuries.  Understanding the role of structural alignment in ACL 

injuries may allow researchers and clinicians to reduce the risk of an injury.  Previous 

research has linked excessive subtalar pronation to ACL injuries.  The role of other 

structural measurements is less clear in the literature.  The fact the QA was related to 

frontal plane motion and found to be a predictor of FProm30 in non-fatigued males may 
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provide an easy clinical measure to determine at risk subjects.  To fully understand the 

relationship between structural measures and non-contact ACL injuries a long term 

prospective study with a large diverse sample size should be undertaken.  There is not 

enough data to suggest that clinical measures such as QA, TFA, FT, and ND can predict 

frontal plane motion of the knee joint in the non-fatigue or fatigue condition.  Based on 

the beta weights of the regression analysis it appears further investigation is warranted. 
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CHAPTER IV 
 

DISCUSSION AND CONCLUSION 
 

The overall purpose of this study was to identify potential risk factors that lead to 

ACL injuries.  It has been reported that the majority of athletic injuries occur in the 

second half of an athletic contest.1  Therefore, fatigue was investigated to determine if it 

leads to abnormal knee postures (increased valgus) which may contribute to ACL injury.  

Skeletal malalignments were also investigated to determine if they had a relationship with 

frontal plane motion of the knee joint.  Several studies have implicated malalignments as 

a potential risk for ACL injury.2-4  In addition, the influence of fatigue on structural 

alignments was investigated.   

The first manuscript (Chapter 2) revealed some interesting and useful results.  The 

most interesting was that there was no gender effect.  There was, however, a fatigue 

effect.  The results of the study also revealed that fatigue was a significant factor for 

altering the magnitude of the peak ground reaction force (Pkf) variable when compared to 

the pre-fatigue condition.  This is likely due to altered landing strategies during the 

landing by the subjects.  Most subjects demonstrated increased knee flexion, which has 

been shown to decrease Pkf.  Although women tear their ACL at a much more prolific 

rate than men, fatigue and neuromuscular control may play a greater role than gender in 

making the ACL susceptible to injury.  Another interesting finding was that many 

subjects also exhibited increased varus, potentially loading the ACL by the mechanism 

described by Markolf.  Research has suggested that excessive valgus motion may 

contribute to ACL injuries.5,6  While this may be true the first manuscript revealed 

significant frontal plane motion in both valgus and varus.  According to Markolf et al. 

Texas Tech University, Michael P. Smith, August 2005



 110

(1995) either of these motions in the frontal plane accompanied with sagittal and/or 

transverse plane motions can lead to pathological loading of the ACL.  Upon further 

review of graphic representation raw data (Figure 2.1c pg 53) most subjects were 

observed to exhibit an oscillation of the knee from varus to valgus or vice versa during 

the fatigue condition.  This uncontrolled motion may be due to a decline of 

neuromuscular control as a result of fatigue.  It may be these subjects that are at risk for 

non-contact ACL injury.  Further investigation is needed to definitively determine the 

role of fatigue and frontal plane motion in regards to non-contact ACL injuries.  From 

these results, however, it seems that specific neuromuscular training of the lower 

extremities and endurance activity may be the best way to prevent non-contact ACL 

injuries for both women and men. 

The results of the study contradicted the current literature.  What the current study 

showed was that frontal plane motion in men has a significant relationship with QA 

measurement during a non-fatigue condition.  James et al.6 (2004) reported in a single 

subject analysis that a male subject demonstrated several characteristics that may be risk 

factors for ACL injury.  The current study may indicate that males may indeed be at risk 

for an ACL injury if they exhibit characteristics like increased QA or increased TFA.  

Based on the results from the first study (Chapter 2) both women and men may be at an 

increased risk for an ACL injury during a fatigued state due to a decrease in 

neuromuscular control.  Therefore, it is recommended that men as well as women take 

part in preventative training programs in an effort to reduce ACL injuries. 

In the second manuscript (Chapter 3) four clinical measurements were taken and 

used in a correlation matrix to determine if there was a relationship between the clinical 
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measures and frontal plane activity.  The variables that were significantly correlated were 

used in a regression model to determine if any of them could be used as predictors of 

frontal motion at the knee.  The four measures were chosen based on their ease of 

acquisition.  The goal was to discover easily measurable predictors of excessive valgus in 

order to identify those at greatest risk of ACL injury.  Knowing risk factors will provide 

information that can be useful in developing preventative neuromuscular training 

programs.  The ultimate goal of the study was to obtain information that could be shared 

with health care professionals through continuing education seminars.   

The correlation matrix identified Q-angle as having a significant positive 

relationship with FPmax, FP30, and FProm30 in men.  Q-angle was not able to predict 

subjects who will be susceptible to excessive frontal plane motion.  The beta weights for 

the males regression analysis showed the QA was the most important factor for 

predicting frontal plane motion for that regression model.  The QA measurement may be 

able to be incorporated into preparticipation physical exams and used as a screening tool.  

Women demonstrate a higher Q-angle than males.3  The results of the second manuscript 

supported that finding.  The second study found that women had an average of 5° more of 

a Q-angle than men yet the female measurement was not a predictor of valgus max in this 

study.  Further investigation of QA and its role in frontal plane motion and contribution 

to non-contact ACL injuries is required. 

Thigh-foot angle revealed that there was a significant positive correlation with the 

frontal plane angle at 30° knee flexion (FP30) and FProm30 for the combined group and 

the female group.  The female group showed a significant relationship during the non-

fatigued condition for both FP30 and FProm30 whereas the combined group showed a 
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significant relationship between TFA and FProm30 during both the non-fatigue and 

fatigue conditions and a significant relationship between TFA and FP30 only during the 

non-fatigue condition.  However they were not significant predictors in the regression 

model.  The thigh-foot angle is another easy clinical measurement that can be 

incorporated into the pre-participation physical examination (PPE) as a screening device 

to identify those at risk.  Identifying at risk individuals will help health care professionals 

to tailor training programs specific for the needs of the individual at risk. 

The navicular drop (ND) measurement of subtalar pronation did not correlate at 

all.  This was suprising since this measurement is most often correlated with ACL 

injuries (Reference).  On the other hand, it may indicate that ND is not associated with 

frontal plane motion and more with tibial internal rotation as suggested in the literature.9  

It may be this internal rotation of the tibia that loads the ACL in conjunction with frontal 

plane motion and/or sagittal plane motion.  There needs to be further investigation into 

the effects of subtalar joint pronation, its affects on tibial rotation, and the load placed on 

the ACL as a result of the pronation and rotation. 

Femoral torsion (FT) did not reveal any significant relationships with the frontal 

plane motion variables.  Although FT has not been studied much it seems logical to think 

it may play a role in non-contact ACL injuries the same way the TT may.  It is plausible 

to consider, however, that an excessive femoral anteversion will result in a torsion load 

placed on the ACL as does an internal rotation of the tibia.  Femoral torsion (anteversion 

or retroversion) has been implicated in other lower extremity malalignments such as: 

tibial torsion, genu valgum, genu varum, and pes planus (Cibulka, 2004).  These 

measures listed may place increased stress on the ACL leading to failure.  Further 
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investigation is needed into the relationship between femoral torsion, frontal plane 

motion, and ACL injuries.  It would be beneficial to screen a large number of healthy 

subjects during the PPE for all of these structural measures and follow them for several 

years through their careers.  It is enevitable that some will experience an ACL injury.  If 

an injury occurs it can be determined if the patient had any of these structural 

malalignments. 

 

Benefits of Neuromuscular Prevention Programs 

 Anterior cruciate ligament (ACL) injuries are devastating events for anyone.  

Recent literature has identified potential preventative measures capable of decreasing the 

number of ACL injuries.7  The majority of research has focused on individuals who 

participate in either interscholastic sports or intercollegiate sports.  Recreational athletes, 

however, also are susceptible to this catastrophic injury and need to be examined. 

 Preventing ACL injuries would drastically reduce the morbidity of the knee joint.  

Several studies have identified the potential to significantly reduce the chance of ACL 

injuries through neuromuscular training programs.7,8  The prevention programs that are 

touted in the literature and appear to be success include activities such as proprioception 

for the lower extremity and trunk, strength training, plyometrics, and landing 

techniques.12-15 

Neuromuscular training programs as reported by Hewett et al. (1999)7 should be 

developed for both men and women in an effort to reduce ACL injuries.  The results of 

the first study in this document indicate that neuromuscular control is altered in the 

fatigue state.  Altered neuromuscular control reduces the body’s ability to dynamically 
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stabilize the knee joint making the ACL susceptible to injury. These programs (suggested 

by Hewett et al) have been shown to significantly reduce ACL injuries in women.  

Prevention programs should be shared with all health care providers that deal with ACL 

injuries.  Continuing education courses would be useful in disseminating this information 

to athletic trainers, physical therapists, coaches, and anyone else responsible for 

preventative health care of the physically active population. 

 

Continuing Education Programs 

 Continuing education programs are a part of most professional standards.  It 

allows professionals to enhance their knowledge by attending workshops and seminars on 

the latest techniques and technology in their fields.  Certified athletic trainers (ATC) 

work intimately with high school, college, profession, and recreational athletes.  The 

main goal of an ATC is to prevent injuries from happening.  Continuing education is an 

excellent way for ATC’s to learn the latest techniques in ACL preventative programs.  

Developing continuing education programs would stimulate the interest of many ATC’s 

since they are required to attend eighty hours of continuing education every three years in 

order to keep there certification.   

 Workshops would be an ideal setting.  It allows the presentation of the theory and 

research and then allows the attendees an opportunity to practice the program(s).  It 

would be important to incorporate lab time in these programs to allow the attendees to 

learn proper form and technique so they can teach their patients properly.  See table 4.1 

for a sample program that could be beneficial in preventing ACL injuries. 

 

Texas Tech University, Michael P. Smith, August 2005



 115

Implications 

 There are several implications for preventing ACL injuries can be gleaned from 

the results of this study but several risk factors may be appreciated from the results.  It 

was shown that men significantly reduced their frontal plane motion from contact to 

maximum knee flexion.  However, it was shown that men had a significant increase in 

frontal plane motion from contact to 30° of knee flexion.  This might be important 

because it is during this knee range of motion (ROM) is where injury takes place.12  Men 

with other risk factors for non-contact ACL injuries may be more susceptible to an injury 

during this range of motion.  Therefore, increasing the ability to stabilize the knee joint 

during this ROM may reduce their risk of injury.  The current literature supports 

neuromuscular training including plyometrics as the most effective way to increase the 

dynamic stabilization of the knee joint.12-15   

The first study demonstrated that fatigue has an effect on frontal plane motion and 

angles for both men and women.  It was also shown that fatigue significantly decreased 

Pkf for both men and women.  However, further research is needed to determine the role 

of fatigue in ACL injuries.  General fatigue may be the key to determining the role 

fatigue plays in ACL injuries as opposed to the local fatigue incorporated in this study.16  

General fatigue is of the type that causes total body fatigue, both physical and mental 

(Miura).  When the body experiences general fatigue the impulses to the central 

processing centers are distorted and therefore may not interpret messages properly.16  

This may alter the proprioception of the knee joint and decrease the neuromuscular 

control of the joint making it susceptible to an ACL injury.  Local fatigue, on the other 

hand, attempts to fatigue only one part of the body, like the knee or the entire lower 
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extremity.16  This type of fatigue still allows messages from peripheral proprioceptors in 

the knee to reach the central processing centers and be properly interpreted.  This 

interpretation will maintain proper neuromuscular function and, hence, maximum 

dynamic protection of the knee joint.16  It is important to incorporate cardiovascular 

endurance in any exercise regimen to minimize the effects of general fatigue. 

Using skeletal alignments as a predictor of athletes at risk for ACL injury is a 

difficult area to study.  There are so many small nuances that need to be controlled 

accurate data is difficult to obtain.  There is almost always at least two different 

measurement techniques for each of the clinical measurements.  Intra-rater and inter-rater 

reliability become an issue when performing these measurements.  For example, 

Piccianio et al.18 (1993) reported a poor result for intertester reliability and a moderate 

result for intratester reliability.  This experiment was done with inexperienced testers, 

however, and the authors recommend experienced testers to take the measurements for 

increased accuracy.18  The study by Piccianio18 demonstrates the potential inaccuracy of 

clinical measures.  In the second study Q-angle was a significant predictor of maximum 

valgus angle at maximum knee flexion for men.  It was not a significant predictor for 

women.  However, as mentioned above, women did have greater Q-angle measurements.  

Orthotic devices placed in athletes shoes have been shown to minimize Q-angle 

measurements and therefore may be beneficial in minimizing potential negative effects of 

increased Q-angle measurements.14  Tibial internal rotation has been shown to alter the 

neuromuscular control of the knee.17  Knowing the TFA may provide insight on those 

who have abnormal tibial rotation and need specialized neuromuscular training. 
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Future Research 

 There are several areas of this study that could be expanded upon in future 

research in order to further advance the knowledge base of ACL injury prevention.  It is 

important to identify the effects of fatigue on potential injury characteristics in order to 

help develop comprehensive preventative programs.  The following recommendations are 

for future research: 

• A general fatigue protocol should be used instead of the local fatigue protocol 

used in this study.  A general fatigue protocol fatigues the entire system.  By 

fatiguing the entire system the central nervous system will affect the 

neuromuscular systems ability to protect the knee joint by not processing afferent 

impulses from the periphery (e.g knee joint proprioceptors).  This is more realistic 

in terms of athletic injuries. 

Other recommendations for future research involving dynamic valgus should include: 

• Studying transverse plane motions of the tibia and femur.  The rotations of these 

bones undoubtedly contribute to the stress on the ACL.  They probably also 

contribute to the dynamic frontal plane motion of the knee because pure frontal 

plane will be restrained by intact collateral ligaments.  Therefore, transverse plane 

motion at the knee joint probably plays a role in the dynamic frontal plane motion 

at the knee joint.  Understanding the relationship between the frontal and 

transverse plane motions may provide insight into pathological loading 

mechanisms of the ACL.   

• Evaluating the effects of fatigue on the hip musculature and its effects at the knee. 
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• Evaluating the effects of fatigue on the leg, ankle, and foot musculature and its 

effects at the knee. 

Recommendations for research of skeletal malalignments and their effect on dynamic 

valgus are: 

• Alignment measurements of the lower extremity and spine should be taken in 

order to attempt to control all confounding variables that may influence the knee 

joint. 

• Data should be collected using a 3-D system so that all planes of motion can be 

evaluated and measures can be taken during dynamic activities. 
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Table 4.1. Example of Six Week Neuromuscular Training Program12 
Exercise      Duration or Repetitions by Week 
                                                                                                                                                                        
Phase I: Technique     Week 1  Week 2 
1. Wall Jumps      20 sec   25 sec 
2. Tuck Jumps*     20 sec   25 sec 
3. Broad jumps stick (hold) landing   5 reps   10 reps 
4. Squat jumps *     10 sec   15 sec 
5. Double-legged cone jumps*   30 sec/30 sec  30 sec/30 sec  
6. 180° jumps      20 sec   25 sec 
7. Bounding in place     20 sec   25 sec 
 
Phase II: Fundamentals    Week 3  Week 4 
1. Wall jumps      30 sec   30 sec 
2. Tuck jumps*     30 sec   30 sec 
3. jump,jump,jump,vertical jump   5 reps   8 reps 
4. Squat jumps*     20 sec   20 sec 
5. Bounding for distance    1 run   2 runs 
6. Double-legged cone jump*s   30 sec/30 sec  30 sec/30 sec 
7. Scissors jump     30 sec   30 sec 
8. Hop, hop, stick landing*    5 reps/leg  5 reps/leg 
 
Phase III: Performance    Week 5  Week 6 
1. Wall jumps      30 sec   30 sec 
2. Step, jump up, down, vertical   5 reps   10 reps 
3. Mattress jumps     30 sec/30 sec  30 sec/30 sec 
4. Single-legged jumps distance*   5 reps/leg  5 reps/leg 
5. Squat jumps*     25 sec   25 sec 
6. Jump into bounding*    3 runs   4 runs 
7. Hop, hop, stick landing    5 reps/leg  5 reps/leg 
 
Before jumping exercises: Stretching (15-20 minutes), skipping (2 laps), side shuffle (2 laps) 
Posttraining: Cool-down walk (2 minutes), stretching (5 minutes) 
*These jumps performed on mats 
Note: Each jump exercise is followed by a 30 second rest period 
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