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ABSTRACT

THE EFFECTS OF ISOLATED HAMSTRING FATIGUE ON JUMP LANDING
IN HEATHLY RECREATIONAL ATHLETES

Kristen Phillips

0ld Dominion University, 2009
Director: Dr. James A. Ofiate

The musculature of the lower extremity provides dynamic stability during daily
and athletic tasks. In landing tasks, the lower extremity absorbs forces and reduces
excessive stresses and motions that are placed upon the body. Neuromuscular fatigue has
been linked to an increase in injury and altered kinematics during jump landing tasks.
The purpose of this study was to analyze the effects of hamstring fatigue on knee and hip
kinematics pre and post hamstrings fatigue while landing from a box drop of 30cm
height, during the stop-jump phase. The study aimed to quantify the kinematic data of the
hip and knee in order to examine the lower extremity motion pattern variations following
hamstring fatigue. Fourteen healthy female recreational athletes (age=21.4+1.45 yrs;
height=165.14+8.26 cm; mass=65.56%16.43 kg) with no history of surgery, no ACL
injury or current injury involving their lower extremity were subjects in the current study.
Eccentric hamstring fatigue, a 30% eccentric isokinetic knee-flexor torque reduction, was
induced on the dominant leg using Primus RS (BTE Technologies Inc). Kinematic data
were processed using VICON Motion system during the box drop task both pre and post
fatigue. Hip and knee kinematics were measured pre and post fatigue for maximum
values, and at time instances of initial contact and maximum knee flexion values during
the stop-jump phase of the bilateral box drop. Statistic tests included a univariate analysis

of variance with repeated measures to analyze the hip and knee kinematics. A significant



level of < .05 was set a priori for all analyses. Upon initial contact of the stance phase,
hip flexion significantly increased post-fatigue (43.78+8.21, C1=39.03,48.52) than pre-
fatigue (40.68+6.82, C1=36.71;44.62). No other significant difference was found at either
the hip or knee for maximum values or at initial or maximum knee flexion. Our findings
revealed fatigue of the hamstrings caused a disruption in hip kinematics at initial contact.
Although fatigue adversely affects the muscular function, altered kinematics of the lower
extremity during tasks may be highly dependent upon the fatigue task chosen. Subjects
may have placed greater reliance on unfatigued musculature in the lower extremity to

accomplish the box drop task.

Co-Directors of Advisory Committee: Dr. Bonnie VanlLunen
Dr. Stacie Ringleb
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CHAPTER 1
INTRODUCTION

Injury to the anterior cruciate ligament (ACL) has become a common occurrence
in athletics and recreational activities, especially to the female population (Arendt EA,
Agel J, & R, 1999; Arendt EA & Dick R, 1995; Gabbett TJ, 2000; Lindenfeld TN,
Schmitt DJ, Hendy MP, Mangine RE, & Noyes FR, 1994; Messina DF, Farney WC, &
DeLee JC, 1999; Myklebust G, Maehlum S, Holm 1, & Bahr R, 1998; Stevenson H,
Webster J, Johnson RJ, & Beynnon B, 1998). The associated high expense of treatment,
complications of further injury, joint osteoarthritis (Frank CB & Jackson DW, 1997,
Lohmander LS, Ostenberg A, Englund M, & Roos H, 2004) and the high rate of
incidence, have raised interest in the underlying risk factors of ACL injury (Griffin LY et
al., 2000; Smith BA, Livesay GA, & SL, 1993).

Approximately three-fourths of ACL injuries occur through a non-contact
decelerating mechanism, such as landing and cutting, and are often seen in basketball,
soccer and volleyball athletes (Arendt EA et al., 1999; Arendt EA & Dick R, 1995;
Boden, Dean, Feagin, & Garrett, 2000; Kirkendall & Garrett, 2000). During dynamic
movements, the lower extremity musculature generates both preparatory and reactive
movements to counterbalance external forces and internal moments that may cause injury
to the ACL (Cerulli, Benoit, Lamontagne, Caraffa, & Litt, 2003; G. Li et al., 1999;
McNair, Marshall, & Matheson, 1990). The co-contraction of the quadriceps and
hamstrings provide dynamic stability to limit these stresses placed on the ACL (Imran A
& O'Connor JJ, 1997; Lloyd & Buchanan, 2001; Markolf, Bargar, Shoemaker, &

Amstutz, 1981; Markolf, Graff-Radford, & Amstutz, 1978; Markolf, Mensch, &



Amstutz, 1976; Solomonow et al., 1987; Torzilli, Deng, & Warren, 1994). In particular,
the hamstrings are thought to play a direct synergistic role to the ACL, limiting anterior
tibial translation and internal rotation, a common mechanism of ACL injury (Aune,
Nordsletten, Skjeldal, Madsen, & Ekeland, 1995; Baker BE, 1991; Barratta R et al., 1988;
Dureselen L, Claes L, & H, 1995; MacWilliams, Wilson, DesJardins, Romero, & Chao,
1999).

Due to its importance, dynamic control provided by the neuromuscular system has
been a focus of investigation in an effort to understand underlying causes of ACL injury.
Consequently, numerous studies have revealed gender differences in neuromuscular
recruitment and activation strategies during athletic tasks and in response to external
perturbations (Chappell, Creighton, Giuliani, Yu, & Garrett, 2007; Hewett, Stroupe,
Nance, & Noyes, 1996; Huston & Wojtys, 1996; Malinzak, Colby, Kirkendall, Yu, &
Garrett, 2001; Urabe et al., 2005; Zazulak et al., 2005). Females utilize a quadriceps
dominant strategy with greater quadriceps activation and less activation of the hamsiring
musculature. Thus, having a direct influence and implication on landing mechanics and
harmful positioning at the knee (Borotikar, Newcomer, Koppes, & McLean, 2008;
Chappell et al., 2007; Chappell, Yu, Kirkendall, & Garrett, 2002; Cowley HR, Ford KR,
Myer GD, Kernozek TW, & Hewett TE, 2006; Decker, Torry, Wyland, Sterett, &
Richard Steadman, 2003; Ford, Myer, & Hewett, 2003; Lephart SM, Ferris CM, Riemann
BL, Myers IB, & FH, 2002; Malinzak et al., 2001; Pappas E, Hagins ME, Sheikhzadeh
A, Nordin M, & Rose D, 2007; Salci Y, Kentel BB, Heycan C, Akin S, & F, 2004; Yu B,
Lin CF, & Garrett WE, 2006), and hip (Chappell et al., 2007; Decker et al., 2003; Pappas

E et al., 2007; Pollard CD, Davis LM, & Hamill J, 2004; Salci Y et al., 2004; Yu B et al.,



2006), and the ground reaction forces subjected to the body during landing (Chappell et
al., 2007; Decker et al., 2003; Salci Y et al., 2004).

Neuromuscular fatigue can further exacerbate these potentially harmful landing
mechanics and potentially place greater risk upon the ACL (Chappell et al., 2005;
Coventry, O'Connor, Hart, Earl, & Ebersole, 2006; Horita, Komi, Nicol, & Kyrolainen,
1996; Kellis & Kouvelioti, 2007; Kernozek, Torry, & Iwasaki, 2008; Madigan & Pidcoe,
2003: McLean et al., 2007; Moran KA & Marshall BM, 2006; Nyland, Caborn, Shapiro,
& Johnson, 1999; Nyland, Shapiro, Stine, Horn, & Ireland, 1994; Orishimo KF &
Kremenic 1J, 2006; Padua et al., 2006; Rozzi, Lephart, & Fu, 1999). The occurrence of
injury has been recorded higher in later parts of competition, suggesting fatigue as one
contributing factor to injury (Gabbett TJ, 2000, 2002; Hawkins RD & Fuller CW, 1999;
Pinto, Kuhn, Greenficld, & Hawkins, 1999; Rahnama, Reilly, & Lees, 2002; Tuggy ML
& Ong R, 2000). Voliestad (1997) defined fatigue as any exercise-induced reduction in
the maximal capacity to generate force or power output (Vollestad NK, 1997). In
conjunction to decreasing force production of musculature, fatigue has been shown to
adversely affect reaction time (Hakkinen & Komi, 1986; McMorris & Keen, 1994;
Melnyk M & Gollhofer A, 2007; Nelson & Hutton, 1985; Nicol, Komi, Horita,
Kyrolainen, & Takala, 1996; Nyland et al., 1994; Rozzi, Lephart, & Fu, 1999), ligament
laxity (Rozzi, Lephart, & Fu, 1999, Sakai, Tanaka, Kurosawa, & Masujima, 1992,
Skinner, Wyatt, Stone, Hodgdon, & Barrack, 1986; Stoller, Markolf, Zager, &
Shoemaker, 1983) and proprioceptive capabilities (Givoni NJ, Pham T, Allen TJ, &
Proske U, 2007; Lattanzio, Petrella, Sproule, & Fowler, 1997; Skinner, Wyatt, Hodgdon,

Conard, & Barrack, 1986; Walsh, Hesse, Morgan, & Proske, 2004), thus decreasing



muscle performance. A decrease in muscular performance can markedly increase risk of
injury because the protective capabilities of the musculature surrounding the knee are
compromised.

Understanding the role fatigue plays on the ACL is important for preventative and
rehabilitative purposes. Fatigue is associated with athletic competitions and joint
kinematics during fatigue may give insight into the high incidence of non-contact ACL
injuries in athletic activities. The purpose of this study is to demonstrate the effects of an
isolated hamstring fatigue on hip and knee kinematics during a double-leg box drop jump

at initial contact and at maximum knee flexion.

Statement of Purpose
The purpose of this study is to determine if isolated hamstring fatigue has an effect on

landing mechanics from a drop jump in healthy female recreational subjects.

Research Questions
Null: There will be no significant difference in knee flexion between pre-fatigue and post
fatigue at initial contact.
Research Hypothesis 1- Subjects will exhibit greater knee flexion post-fatigue at
initial contact.
Secondary: (Coventry et al., 2006; Fagenbaum & Darling, 2003; Kellis &
Kouvelioti, 2007; Madigan & Pidcoe, 2003; Nyland et al., 1999)

Null: There will be no significant difference in knee valgus between pre-fatigue and post
fatigue at initial contact.
Research Hypothesis 2- Subjects will exhibit greater knee valgus post-fatigue at
initial contact.
Primary: (McLean et al., 2007)
Secondary: (Borotikar et al., 2008; Chappell et al., 2005; Ford et al., 2003)



Null: There will be no significant difference in hip flexion between pre-fatigue and post
fatigue at initial contact.
Research Hypothesis 3- Subjects will exhibit greater hip flexion post-fatigue at
initial contact.

Primary: (Borotikar et al., 2008; Kernozek et al., 2008)

Null: There will be no significant difference in maximum knee flexion between pre-
fatigue and post fatigue.
Research Hypothesis 4- Subjects will exhibit greater maximum knee {lexion
post-fatigue.
Primary: (Fagenbaum & Darling, 2003; Kellis & Kouvelioti, 2007;
Madigan & Pidcoe, 2003; Orishimo KF & Kremenic 1J, 2006).

Null: There will be no significant difference in knee valgus between pre-fatigue and post
fatigue at maximum knee flexion.
Research Hypothesis 5- Subjects will exhibit greater knee valgus post-fatigue at
maximum knee flexion.
Secondary: (Borotikar et al., 2008; Chappell et al., 2005; Ford et
al., 2003)

Null: There will be no significant difference in hip flexion between pre-fatigue and post
fatigue at maximum knee flexion.
Research Hypothesis 6- Subjects will exhibit greater hip flexion post-fatigue at
maximum knee flexion
Secondary:(Coventry et al., 2006; Kellis & Kouvelioti, 2007,
Kermozek et al., 2008)



Null: There will be no significant difference in maximum hip flexion between pre-fatigue
and post-fatigue.
Research Hypothesis 7- Subjects will exhibit greater maximum hip flexion
post-fatigue.
Secondary. (Coventry et al,, 2006; Kellis & Kouvelioti, 2007; Kernozek et al.,
2008)

Independent Variable
The independent variable for this study is time (pre-fatigue, post-fatigue).

Dependent Variables
The dependent variables for this study are knee flexion, knee valgus, and hip flexion
measured in degrees at initial contact and maximum knee flexion. Maximum knee flexion

and maximum hip flexion will also be dependent variables.

Operational Definitions

1) Initial Contact- The point of contact when vertical ground reaction force first
exceed 10 N. (Coventry et al., 2006; Myer GD, Ford KR, Brent JL, & Hewett
TE, 2007)

2) Jump Landing Task- The jump landing task will start with the subject’s feet
positioned shoulder width apart and on a box height of 30 cm high. The
subject will have arms crossed across their chest. The subjects will jump down
from the box landing with one foot on a 40 ¢m x 60 cm forceplate and
immediately jump up for maximum height. The subjects then land back on the
forceplates with one foot on each forceplate (McLean et al., 2007; Pappas E et
al., 2007).

3) Maximum Jump Height- With maximum effort, a subject will jump as high as
he or she can. The subject is instructed upon contact with the forceplates, to
immediately jump straight up in the air as high as they possibly can. No

equipment or measuring device is used to record maximum jump height.



4) Physically active healthy female subjects- physically active females that
participate in exercise a minimum of 3 times per week for a minimum of 20
minutes (Onate et al, 2005).

5) Fatigue- one repetition below 30% of maximum torque or a 70% reduciion of
maximum torque (Kellis & Kouvelioti, 2007)

6) Dominant Limb- limb that the subject preferred to kick a soccer ball
(Wikstrom et al 2006)

Assumptions
1) All equipment used will be reliable, valid and accurately calibrated before
each session.
2) Subjects will participate with full effort during the induction of fatigue and
jump landing task.
3) Different footwear and clothing worn between subjects will have no impact on
the results of the study.

4) Subjects will not alter natural landing patterns due to its isolation in nature.

Limitations

1) The jump landing test used in this study does not replicate functional tasks
seen in many athletics that increases risk or results in lower-extremity injury.

2) Maximum jump task did not use any objective measurement device to
determine if maximal effort was being achieved by the subjects. It was matter
of convenience to verbally instruct subjects to exert maximum effort.

3} Caffeine intake, sleep patterns, prior activity and current hydration will not be
assessed prior to testing.

4) The peripheral fatigue induced can not be isolated from central fatigue,

therefore central fatigue may influence the results.



Delimitations

This study is delimited to 15 physically active females between the ages of 18-35
that exercise for a minimum of 3 times per week for a minimum of 20 minutes and have
no previous lower extremity injury in the last six months, no history of ACL injury or

surgery, and no previous lower extremity surgery in the last two years.



CHAPTER 11
REVIEW OF LITERATURE

The following is a review of literature concerning the anterior cruciate ligament
and subsequent issues involving injury risk factors, contribution of dynamic constraints,
jump landing and effects of fatigue. These topics all play an important piece in gaining
better understanding of the enigma that surrounds anterior cruciate ligament injury. While
studies have examined jump landing in conjunction with fatigue, there is a need for more
research to identify the factors that cause injury to rise among the onset of fatigue.
Identification of kinematics, kinetics and neuromuscular strategies utilized during fatigue
and subsequent correction, may provide better insight into prevention of anterior cruciate
ligament injuries.
Anatomy of Anterior Cruciate Ligament

The anterior cruciate ligament (ACL) is a major ligamentous structure in the knee.
It is the primary restraint to anterior tibial translation on the femur (Butler DL, Noyes FR,
& ES, 1980; Ellis H, 2007; Fukubayshi T, Torzilli PA, Sherman MF, & Warren RF,
1982) as well as rotational movement of the tibia on the femur (Ellis H, 2007; Fleming
BC et al., 2001; Kanamori A et al., 2002), varus and valgus forces (Marder RA, Raskind
JR, & Carroll M, 1991; Withrow TJ, Huston LJ, Wojtys EM, & Ashton-Miller JA, 2006)
and any combination of those forces (Markolf et al., 1995). Running through the
intercondyles of the tibia, it originates from the anterior aspect of the tibial intercondylar
space and inserts on the posteriormedial aspect of the lateral femoral condyle (Chhabra
A, Elliott CC, & MD, 2001). The ACL is comprised of two bundles that compliment each

other in providing stability through the full range of motion at the knee (Gabriel MT,
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Wong EK, Woo SLY, Yagi M, & Debski RE, 2004; Xerogeanes JW et al., 1995). Due to
the anatomical alignment of the bundles, the degree of knee flexion dictates the
contribution of each bundle in coniributing to stability. The anteromedial bundle is more
taught in knee flexion moments and the more convex posterolateral bundle, plays more of
a restraint in extension and rotary moments (Feagin JA, 1988; Gabriel MT et al., 2004;
Xerogeanes JW et al., 1995). Both bundles of the ACL are incased in a synovial
membrane which ranges from 3 to 38mm in length and 10 to 12 mm in width (Smith BA
et al., 1993). The ACL contains virtually no pain fibers, giving reason for minimal pain
felt after an acute ACL tear (Shutte MJ, Dabesies EJ, & Zimney ML, 1987).
Mechanoreceptors located within the ACL are innervated by the tibia nerve and assist in
the ACL’s proprioceptive role (Kennedy JC, Alexander 1), & Hayes KC, 1982).
Anatomy of Musculature

Although the ACL provides up to 86% of anterior tibial translation (Butler DL et
al., 1980), internal and exteral forces surrounding the knee during activities stress the
ligament past its constraints, therefore demanding the surrounding musculature to
maintain joint stability (Solomonow et al., 1987; Williams GN, Chmielewski T, Rudolph
KS, Buchanan TS, & ML, 2001). The hamstrings are composed of three different
muscles. The biceps femoris consists of two heads , short and long, and is innervated by
two different nerves, peroneal branch and tibial branch of sciatic respectively (Clanton,
1998). The biceps femoris extends the hip, externally rotates the leg and has been shown
to display increased activity in ACL deficient knees (Marshall JL, Girgis FG, & RR,
1972; Sebastianelli WJ, Hanks GA, & A, 1990). The long head originates from the ischial

tuberosity and inferior aspect of the sacrotuberous ligament and then crosses medial to
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lateral to fuse with the short head that originates from the lateral lip of the linea apsera,
proximal two-thirds of the supracondylar line and from the lateral intermuscular septum
(Woodburne RT & Burkel WE, 1994). The conjoined muscle continues to insert into the
head of the fibula, crural fascia and proximal tibia (Terry GC & LaPrade RF, 1996).
Along with the long head of the biceps femoris, the semitendinosus and
semimembranosus originate from the ischial tuberosity of the pelvis and track along the
medial side of the femur (Clanton, 1998). The semimembranosus inserts on the oblique
popliteal ligament, the posterior capsule, the posterior tibia, the politeus and the medial
meniscus (Warren LF & Marchal JL, 1979). The semitendinosus inserts on the proximal
medial tibial metaphysic overlying the distal insertion of the medial collateral ligament
(Warren LF & Marchal J1., 1979).

The quadriceps, consisting of the rectus femoris, vastus lateralis, vastus medialis,
and vastus intermedius, accompany the hamstring in providing dynamic stability of the
knee. These four muscles extend the knee and all converge to form a common tendon that
attaches to the superior border of the patella and continues to the tibial tuberosity. The
rectus femoris originates superiorly to the anterior inferior iliac spine and superiorly to
the acetabulum on the ilium. Along with knee extension, the rectus femorts also acts to
provide flexion of the hip, given its origin crossing the hip joint. The vastus medialis and
vastus lateralis muscles originate from the lateral and medial linea aspera of the femur,
and the vastus intermedius muscle originates from the anterior and lateral portion of the
femur. The quadriceps muscles are all innervated by the femoral nerve (Seeley RR,

Stephens TD, & Tate P, 2003; Stone & Stone, 2006).
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Epidemiology/ Etiology of Anterior Cruciate Ligament

The incidence in the general American population is an estimated one in three
thousand to thirty five hundred people rupturing the ACL annually (Smith BA et al.,
1993). The majority of ACL injuries occur in individuals between the ages of 15-47, a
demographic that includes approximately 47% of the United States population (Griffin
LY et al., 2000). Yet the so called epidemic of ACL injury occurs more commonly in
athletic competition and more specifically female participants. Females are 2 to 9.7 times
more likely to sustain an injury to their ACL in athletics ranging from basketball, soccer,
handball, rugby, alpine skiing and military training (Arendt EA et al., 1999; Arendt EA &
Dick R, 1995; Gwinn DE, Wilckens JH, McDevitt ER, Rooss G, & Kao TC, 2000;
Lindenfeld TN et al., 1994; Messina DF et al., 1999; Myklebust G et al., 1998; Stevenson
H et al., 1998). Approximately 70% of all ACL injuries occur through non-contact
mechanisms associated with foot contact, such as deceleration, poor landing, pivoting and
any other uncontrolled movements in athletic competition (Boden et al., 2000; Ferrett,
Papandrea, Conteduca, & Mariani, 1992; Griffin LY et al., 2000; Kirkendall & Garrett,
2000; McNair et al., 1990). An individual with a torn ACL can suffer from a variety of
complications that may compromise the integrity of the knee. Untreated complete tears of
the ACL have been shown to be functionally unstable leading to recurrent injuries,
damage of menisci and articular cartilage, and osteoarthrosis (Frank CB & Jackson DW,
1997; Lohmander LS et al., 2004). These are in conjunction with the cost of repair, an
approximate cost of 17,000 dollars per procedure; therefore nationally a financial cost of
approximately 850,000,000 dollars is spent each year on ACL repair (Griffin LY et al.,

2000).
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Mechanism of Injury

Several mechanisms have been hypothesized as responsible for the damage of the ACL.
A common noncontact mechanism involves the knee between 20 degrees of flexion and full
extension in deceleration before a change in direction or landing (Boden et al., 2000; McNair et
al., 1990). Ireland (1999) found the “point of no return”, a mechanism for complete structural
failure of the ACL, as a position of forward flexion, the hip in adduction, the femur in internal
rotation, the knee in 20 to 30 degrees of flexion, the tibia in external rotation and the foot in
pronation (Ireland ML, 1999). A strong quadriceps contraction between 50 degrees of flexion
and full extension (DeMorat G, Weinhold P, Blackburn T, Chudik S, & Garrett W, 2004;
Markolf, Gorek, Kabo, & Shapiro, 1990; McNair et al., 1990), causing excessive anterior tibial
displacement, may also cause damage to the ACL (DeMorat G et al., 2004; Feagin JA &
Lambert KL, 1985).

Excessive tibial rotation and valgus and varus stresses can cause ACL injury. According
to Fu and Stone (1994), excessive tibial external rotation and a valgus stress on the knee has been
identified as the most common mechanism for athletes participating in soccer, football and skiing
(Fu FH & Stone DA, 1994). Hewett et al (2005) found that increased valgus and external knee
abduction moments can predict ACL injury in the female athlete with 73% specificity and 78%
sensitivity (Hewett, Myer, & Ford, 2005). Hyperextension or lack of flexion of the knee, in
combination with tibial internal rotation, also contributes as a main mechanism of injury to the

ACL (Fu FH & Stone DA, 1994; McNair et al., 1990).
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Risk Factors for Injury

In an effort to fully understand ACL injuries, risk factors have been identified and
classified for those who may be predisposed to an ACL injury. The risk factors are
broken down into four categories: environmental, anatomical, hormonal and
biomechanical (Griffin et al, 2000). Environmental risk factors are those that would be in
an individual’s external environment, such as bracing and shoe surface contact.
Anatomical risk factors are concerned with the shapes, sizes and interaction between
skeletal structures, such as Q angle and joint laxity. Hormonal risk factors are concerned
with the levels of particular sex hormones, especially estrogen and progesterone, and the
influence of those hormones on the ACL. Finally, biomechanical risk factors include
problems or deficits associated with proprioception, neuromuscular control, and
technique (Griffin et al, 2000).

As mentioned, the external environment surrounding active individuals can be
risk factors in contributing to ACL injury. The use of knee braces has been a
controversial issue as whether they contribute or prevent ACL injury. In the 1970s,
reports indicated a decrease in the number of knee injuries in collegiate and high school
athletes wearing braces (McNair et al., 1990; Randall F, Miller H, & D, 1983). Yeta
position statement was released in 1984, by the American Academy of Orthopedics
Surgeons, that there was no clear and definite evidence that the use of prophylactic knee
braces prevented knee injuries, including injury to the ACL (Griffin LY et al., 2000;
McNair et al., 1990). Playing surface and shoe type have also been investigated to
determine their relationship to ACL injury. Although a dry surface may be most desirable

for athletic performance, noncontact ACL injuries most commonly occur when a playing
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surface is dry (Scranton PE, Whitesel JP, & Powell JW, 1997). Myklebust et al (1997)
found a positive relationship between high level of friction between shoes and playing
surface with rate of non-contact ACL injury in team handball (Myklebust G, Maehlum S,
Engebretsen L, Strand T, Solheim E, 1997). Similarly, football cleats that have a high
level of friction, although they may enhance performance, are also associated with a
higher injury risk of ACL (Lambson RB, Barnhill BS, & Higgins RW, 1996).
Anatomical risk factors have been investigated in correlation to their influence on
the integrity of the ACL. These risk factors are mainly innate, meaning that they are
structural variables and are uncontrollable to those at risk. Excessive foot pronation may
be a predisposing factor as prolonged pronation causes further tibial internal rotation, a
motion that causes the ACL to tighten (Beckett ME, Massie DL, Bowers KD, & Stoll
DA, 1992). Beckett et al (1992) found a significant correlation as subjects with ACL
injury had a significant increase in navicular drop in comparison to those uninjured
(Beckett ME et al., 1992). Furthermore, Louden et al (1996} found that genu recurvatum
in combination with excessive foot pronation can result in greater strain of the ACL
(Louden JK, Jenkins W, & KL, 1996). Genu recurvatum causes the ACL to become
impinged in the intercondylar notch and over time with repetitive stress produce tensile
strain on the ACL (Ireland ML, Gaudette M, & Crook S, 1997). Intercondylar notch
width and shape may also influence susceptibility of injury, as a more confined area may
place undue stress upon the ACL. Griffin et al. (2000) concluded the notch width in
patients with bilateral ACL injuries are less than that in patients with unilateral ACL
injuries. Therefore suspecting the notch width in knees with both unilateral and bilateral

ACL injuries may be less than in comparison to notch width of uninjured knees (Griffin
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LY et al., 2000). Excessive pathological laxity, external tibial rotation, the Q-angle and
other foot-pelvis alignments have also been found as anatomical risk factors for female
athletes that could result in failure of the ACL (Hutchinson MR & Ireland ML, 1995).
Overall, anatomical risk factors can predispose individuals to harmful positioning during
activity that are associated to mechanisms of injury.

Hormonal risk factors have also been examined to evaluate the influence of
hormones in susceptibility of ACL injuries. Liu et al (1996) found estrogen and
progesterone receptor sites in human ACL cells, thus suggesting hormone levels may be a
factor in the integrity of the ACL (Liu SH, Al-Shaikh R, & Panosstan V, 1996). Wojitys
et al (1998) reported a connection between the phases of the menstrual cycle and rate of
injury. In the ovulatory phase, when the estrogen level is high, more injuries occurred, yet
in the follicular phase, when estrogen and progesterone levels are low, fewer injuries
occurred (Wojtys EM, Huston LI, Lindenfeld TN, Heweet TE, & MLVH, 1998). Adachi
et al (2007) also found a significant increase in ACL injuries in teenage females athletes
during the ovulatory phase of the menstrual cycle (Adachi N, Nawata K, Maeta M, & Y,
2007). Yet, VanLunen et al (2003) found no significant relationship between the different
phases of the menstrual cycle and laxity of the ACL (Van Lunen BL, Roberts J, Branch
ID, & Dowling EA, 2003).

Biomechanical risk factors are generally controllable factors that have become the
focal point of prevention strategies to reduce the risk of ACL injury. Prevention strategies
vary in focus, ranging from muscular strength, plyometrics, flexibility, proprioception,
agility and instruction (Hewett et al., 1996; Holm et al., 2004; Paterno, Myer, Ford, &

Hewett, 2004; Wilderman, Ross, & Padua, 2009; Wilkerson et al., 2004; Wojtys EM,
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Huston LI, Taylor PD, & Bastain SD, 1996). These different facets of prevention are
assessed through objective measures such as muscular activation, strength,
proprioception, kinematics, kinetics, and performance data (Chimera, Swanik, Swanik, &
Straub, 2004; Hewett et al., 1996; Holm et al., 2004; Paterno et al., 2004; Wilkerson et
al., 2004; Wojtys EM et al., 1996). Muscular activation refers to the interplay of the
quadriceps, hamstrings and gastrocnemius musculature and the timing of the activation
(Chimera et al., 2004; Wilderman et al., 2009; Wojtys EM et al., 1996). Similarly,
muscular strength of theses muscles 1s also an area of interest due to the protection it can
offer to the knee joint (Hewett et al., 1996; Holm et al., 2004; Wilkerson et al., 2004;
Wojtys EM et al., 1996). Intervention programs also focus on improving balance and
proprioception (Holm et al., 2004; Paterno et al., 2004). Proprioception is afferent
information sent from mechanoreceptors in muscles, ligaments, tendons and capsular
structures concerning the position and velocity of lower extremity joints (Griffin LY et
al., 2000; Matthews PBC, 1982). The information from the mechanoreceptors is
necessary for initiating and mediating neuromuscular control, and enhancing functional
joint stability, especially during dynamic movements such as landing (Griffin LY et al.,
2000; Shultz & Prerrin, 1999). Neuromuscular control refers to the efferent activation of
the dynamic restraints surrounding the joint in response to afferent stimuli (Shultz &
Prerrin, 1999). The activation of the musculature, or dynamic restraints, may be initiated
automatically as a reflex in response to a stimuli or initiated consciously through
voluntary contraction (Griffin LY et al., 2000). Proprioception and neuromuscular control
are collective components of focus because they provide functional stability during

athletic movements (Griffin LY et al., 2000; Shultz & Prerrin, 1999). Kinetic and



18

kinematic data of the lower extremity are also used as objective feedback for plyometric
and agility prevention training {Hewett et al., 1996; McNair, Prapavessis, & Callender,
2000; Wilkerson et al., 2004). As noncontact mechanisms account for the majority of
ACL injury, kinetic and kinematic data relays potentially harmful body positioning in all
planes during maneuvers,
Jump Landing Mechanism of Injury

Jump landing has been identified as a primary non-contact mechanism for ACL
injury in female basketball, volleyball and soccer players (Arendt EA et al., 1999; Arendt
EA & Dick R, 1995; Piasecki, Spindler, Warren, Andrish, & Parker, 2003). ACL injuries
that occur during jump landing are also associated with an increased rate of meniscus tear
which increases the likelihood of osteoarthritis (Lohmander LS et al., 2004; Paul 1J et al.,
2003). Jump landing increases the risk of injury due to the potential increase of forces
(McNair et al., 1990; Pappas E et al., 2007; Salci Y et al., 2004; Self BP & Paine D,
2001; Zhang SN, Bates BT, & Durek IS, 2000) and an amplified dependence of the
neuromuscular system to coordinate the body in a protective and proficient position
during landing (Cerulii et al., 2003; G. Li et al., 1999). Yet, females have been shown to
land in athletic activities in a more erect and potentially harmful posture, thus putting the
ACL at greater risk for injury (Chappell et al., 2007; Chappell et al., 2002; Cowley HR et
al., 2006; Decker et al., 2003; Fagenbaum & Darling, 2003; Hewett et al., 2005; Huston,
Vibert, Ashton-Miller, & Wojtys, 2001; Lephart SM et al., 2002; Malinzak et al., 2001;

Pappas E et al., 2007; Salci Y et al., 2004; Yu B et al., 2006).
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Types of Jump Landing in Research

Numerous types of jump landing tasks are utilized in research. Most often jump
landing tasks are standardized in some fashion, as to keep the task uniform across all
subjects and reduce individual differences. A popular jump landing method used in
research is a box drop landing. The height of the box can be to a set height, such as 20cm
(Lephart SM et al., 2002), 25 cm (Madigan & Pidcoe, 2003), 30cm (Fagenbaum &
Darling, 2003; Ford et al., 2003; Kellis & Kouvelioti, 2007; Moran KA & Marshall BM,
2006), 40 cm (Sander TC et al., 2004), 50 cm(Kernozek et al., 2008; McLean et al., 2007;
Moran KA & Marshall BM, 2006), 52 cm (Gehring, Melnyk, & Gollhofer, 2009) and
60cm (Fagenbaum & Darling, 2003). Drop distance can also be adjusted to a percentage
of a maximal height jump of each subject (Coventry et al., 2006). Studies can include
various heights, if landing adaptations to changes of height are of interest (Huston et al.,
2001; McNiti-Gray, 1993). The height of the box may also be standardized to each
subject by their height (Huston et al., 2001). The distance between the edge of the box
and the designated area for landing may also be standardized, such as 30cm(Sander TC et
al., 2004), 33cm (Madigan & Pidcoe, 2003).

Upon contact, studies have utilized double leg and single leg landings. Single leg
landings require the subjects to land successfully within an outlined area (Kellis &
Kouvelioti, 2007; Orishimo KF & Kremenic 1J, 2006; Sander TC et al., 2004). The single
leg chosen for analysis were standardized for the dominant leg (Coventry et al., 2006;
Kellis & Kouvelioti, 2007) or one particular side (Madigan & Pidcoe, 2003). Double leg
landings require subjects to land suceessfully within an outlined area and subsequently

perform a jump for maximum height. The maximum height jump can be standardized by
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a Vertec jump device (Wikstrom EA, Powers ME, & Tillman MD, 2004), measured by
an overhead object (Jacobs, Uhl, Mattacola, Shapiro, & Rayens, 2007) or verbal
instructions to reach personal maximum height (McLean et al., 2007).

More functional jump landing tasks are also used in research, in efforts to utilize
tasks that are may be seen in athletics. The jump landing tasks may include: forward stop
jump task (Benjaminse et al., 2008; Chappell et al., 2005; Orishimo KF & Kremenic IJ,
2006), countermovement jumps (Coventry et al., 2006), vertical stop jump task(Chappell
et al., 2005), backward stop jump task(Chappell et al., 2005), and continuous hopping
(Padua et al., 2006).

Jump Landing on ACL Research

Utilizing jump landing tasks, numerous studies have supported that females land
with lower knee flexion (Chappell et al., 2007; Chappell et al., 2002; Decker et al., 2003;
Lephart SM et al., 2002; Malinzak et al., 2001; Salci Y et al., 2004; Yu B et al., 2006).
Salci et al (1994) investigated different landing patterns in collegiate volleyball players
from different box heights and horizontal distances, and consistently found less knee
flexion in female athletes (Salci Y et al., 2004). Similarly, Lephart et al (2002) also found
less knee flexion in landing of female volleyball, basketball and soccer athletes in
comparison to their male counterparts. Results revealed that females took significantly
less time to reach their maximal knee flexion once landed, causing a more abrupt and less
absorbent impact of landing (Lephart SM et al., 2002). Landing with increased knee
flexion is a more protective position as it may reduce anterior load on the ACL during
landing. Various studies have examined ACL loading in cadaver knees as a method to

determine the direct influence of in-situ forces on the strain of the ACL (G. Li et al.,
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1999; Markolf et al., 1995; Markolf et al., 1990). Cadaver models demonstrate that the
quadriceps musculature causes an anterior shear force at the proximal tibia, a major ACL
loading mechanism. Landing in higher angles of knee flexion is more favorable because
the force of the quadriceps inversely decreases to the protective force of the hamstrings
on the tibia to create less anterior shear force on the ACL (G. Li et al., 1999; Markolf et
al., 1995; Markolf et al., 1990). Using cadaver knees with simulated muscular forces, Li
et al (1999) reported the protection of the hamstrings contraction is ineffective at knee
flexion angles less than 30 degrees because it loses its mechanical advantage of pull to
decrease anterior shear forces on the ACL (G. Li et al., 1999). Similarly, O’Connor et al
(1993) found from full extension to 22 degrees of flexion the hamstrings contraction was
unable to reduce the strain on the ACL (O'Connor, 1993),

Similarly, the ACL endures greater strain and is more prone to injury when the
knee is placed under valgus stress. Knee valgus angles is often attributed to part of ACL
mechanism of injury (Fu FH & Stone DA, 1994). Although valgus forces are often seen
in conjunction with other forces, computer modeling has shown valgus moments alone
are high enough to rupture the ACL (Cowley HR et al., 2006). Various studies have
reported females landing with high knee valgus forces in comparison to male
counterparts (Chappell et al., 2002; Cowley HR et al., 2006; Ford et al., 2003; Malinzak
et al., 2001; Pappas E et al., 2007). Knee valgus angles and moments during drop
landings have been found to predict noncontact ACL injury risk in female athletes with
high sensitivity and specificity (Hewett et al., 2005). Unilateral landing exacerbate even
more unfavorable knee valgus angles in comparison to bilateral landing. Pappas et al

(2007) reported a mean valgus increase of 2.4 degrees in unilateral landings in
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comparison to bilateral landings in both male and female subjects. Overall, gender
comparison revealed female subjects had 4.5 greater degrees of knee valgus than males
during both landing types (Pappas E et al., 2007). Although the increase of degrees may
appear minimal, Bendjaballah et al (1997) found that five degrees of knee valgus, in
comparison to the knee aligned to the frontal plane, could increase the load on the ACL
up to six times (Bendijaballah MZ, Shirazi-Adl A, & Zukor DJ, 1997).

Although the knee and ACL are the areas of interest, the hip influences knee
position, loads and stiffness (Gregoire L, Veeger HE, Huijing PA, & GJ, 1991; Putnam
CA, 1993) and moment produced at the hip characterizes moment developed at the knee
(Bobbert MF & van Zandwijk JP, 1999). Palmitier et al (1991) concluded that eccentric
contraction of the quadriceps maintains stability of the knee, while eccentric contraction
of the hamstrings maintains hip stabilization (Palmitier RA, An KN, Scott SG, & EY,
1991). Similar to knee kinematics, hip flexion has shown to be less in females in
comparison to males (Chappell et al., 2007; Decker et al., 2003; Pappas E et al., 2007,
Salci Y et al., 2004; Yu B et al,, 2006). Hip flexion is desired in landing, as similar to the
knee, because it allows for the absorption of ground forces acting upon the body when
landing. If decreased hip flexion is present, accompanied by the contraction of the
quadriceps and large ground reaction force, the tibia may be forcefully translated
anteriorly and create a common mechanism of injury to the ACL (Ball KA, 1999).

Hip extensor and abductor musculature have been reported as important
contributors to lower extremity stability. McNitt-Gray et al (1993) documented peak hip
extensor moment was 163% greater than peak knee extensor moment and 137% greater

than peak ankle extensor moment in healthy male subjects landing from 72¢cm drop
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landing(McNitt-Gray, 1993). Similarly in 60 cm drop landings, Decker et al (2003)
reported the peak hip extensor moment as 120% and 243% greater than peak knee
extensor moment and peak ankle plantar flexion moment in male recreational athletes
respectively (Decker et al., 2003). The authors report the hip extensor musculature is
mainly responsible for the absorption and control of the lower extremity during the drop
landings. Jacobs et al (2007) found a significant correlation between hip abductor
strength and knee valgus when landing from jump. Women demonstrated a significant
decrease in abductor strength to male counterparts and an average of 4 degrees greater
knee vaigus during a single leg landing (Jacobs et al., 2007). An increase knee valgus
during landing is a main concern, as it is a mechanism of injury to the ACL
(Bendijaballah MZ et al., 1997; Hewett et al., 2005).

Peak vertical ground reaction force may increase internal loads, increasing the
risk of injury, if the musculoskeletal system does not distribute the forces sufficiently
(Lephart SM et al., 2002). Peak ground reaction force to body weight measurements
have varied from 1.0 to 6.7 times body weight (McNair et al., 1990; Pappas E et al.,
2007; Salci Y et al., 2004; Self BP & Paine D, 2001; Zhang SN et al., 2000). Different
tasks are likely to elicit these different ground reaction forces due to the requirements of
the task at hand. Similarly, different demographics of people, whether distinguished by
sex, activity level, or level of competition, may produce different forces during given
tasks. In a study by Cowley et al (2006), high school female basketball players and soccer
players elicited different ground reaction forces in both cutting and jump landing. The
duration of the stance phase was an indication of the ground forces, as soccer players had

a 20.5% decrease in stance phase to basketball players, accounting for the average
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increase of 15.6% in peak vertical ground reaction force (Cowley HR et al., 2006). The
stance phase allows the body to absorb the ground reaction forces through the
contribution of hip, knee and ankle range of motion. Salci et al (2004) found female
volleyball players to land with higher ground reaction forces than males and attributed
the results for the decreased knee flexion during landing (Salci Y et al., 2004). Kinematic
alterations of the lower extremity can also yield similar ground reaction forces during
different tasks. Double leg and single leg landings recorded comparable forces due to
range of motion variations at the hip, knee and ankle (Pappas E et al., 2007). Studies have
also reported no differences in the magnitude of vertical ground reaction forces between
genders due to their landing strategies that utilize different range of motion at the lower
extremity joints. Decker et al (2003) reported female recreational athletes landed with
greater knee and ankle range of motion compared to male counter parts increasing the
absorption time (Decker et al., 2003). Likewise, McNair and Prapavessis et al 1999
discovered that both genders of adolescents landed with similar landing forces due to
increased ankle range of motion in females (McNair PJ & Prapavessis H, 1999).
Although there is controversy on the degree of ground reaction forces absorbed during
landing, animal studies have shown that repetitive impact forces may threaten the
integrity of the lower extremity and cause joint degeneration due to overwhelming and
cyclical stress (Radin et al, 1973).
Muscular Stability

Dynamic stabilization of the knee and absorption of ground reaction forces during
landing is provided primarily through the coactivation of the quadriceps and hamstrings

(Bonci CM, 1999; Fleming BC et al., 2001; Imran A & O'Connor 1], 1997; Lloyd,
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Buchanan, & Besier, 2005). The quadriceps eccentrically contracts to control knee
flexion and decelerate the land (Lephart SM et al., 2002), while the hamstrings are
thought to stabilize the knee (Barratta R et al., 1988; Solomonow et al., 1987), by
providing protection to the ACL by resisting anterior translation and internal rotation of
the tibia (Aune et al., 1995; Baker BE, 1991; Barratta R et al., 1988; Dureselen L et al.,
1995; MacWilliams et al., 1999; Solomonow et al., 1987). The co contraction of these
muscles provides dynamic stability and stiffness to the knee that protect against excessive
anterior translation and valgus and varus moments (Lloyd & Buchanan, 2001; Markolf et
al., 1978). More specifically, the co-contraction compresses the joint which increases
contact surface within the joint and prevents excess movement (Imran A & O'Connor JJ,
1697; Markolf et al., 1981; Markolf et al., 1976; Solomonow et al., 1987; Torzilli et al.,
1994). Markolf et al (1978) displayed a three fold decrease in both valgus and varus
laxity of the knee with the addition of muscular protection (Markolf et al., 1978).
Muscular protection provided by the co-contraction was found to be significantly less in
female athletes in comparison to male athletes in studies by Wojtys et al. 2002, and
Wojtys et al. 2003. In response to torsion and shear perturbations, females displayed
greater translation than the male counterparts, thus causing greater strain on the
ligamentous support (Wojtys EM, Huston LJ, Schock HJ, Boylan JP, & Ashton-Miller
JA, 2003; Wojtys, Ashton-Miller, & Huston, 2002).

Studies have revealed that female athletes have weaker quadriceps and hamstring
muscles when normalized to body weight, thus possibly playing a role in susceptibility of
an ACL injury (Huston & Wojtys, 1996; Lephart SM et al., 2002; Myer et al., 2009;

Woijtys EM et al., 2003; Wojtys et al., 2002). Lephart et al (2002) suggests that
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quadriceps weakness causes females to land in a more extended knee position, a common
mechanism of ACL injury, and maintain the extension with ground contact rather than
absorbing the impact through knee flexion (Lephart SM et al., 2002). As hamstrings play
a synergistic role to the ACL, Myer et al (2009) found a correlation with deficient
hamstring strength and ACL injury (Myer et al., 2009). Using data collected prior to
injury, hamstring strength of collegiate female athletes were significantly lower than
hamstring strength of matched male control athletes, indicating a predisposed condition.
Conversely, the control group of female athletes with no ACL injury had decreased
quadriceps strength and similar hamstrings strength compared to match male athletes.
Thus suggesting females who have a greater hamstrings and quadriceps ratio (H/Q ratio)
or balance between these two opposing muscle groups, may be at lower risk to ACL
injury(Myer et al., 2009). A low H/Q ratio indicates a low activity level of the hamstring
muscles or hyperactivity of the quadriceps muscle.

Different methods have been used in research to establish safe parameters of
strength ratios. Conventional ratios compare concentric strength of the quadriceps to the
concentric strength of the hamstrings while functional ratios compare concentric strength
of the quadriceps to the eccentric strength of the hamstrings (Aagaard, Simonsen,
Magnusson, Larsson, & Dyhre-Poulsen, 1998; Aagaard, Simonsen, Trolle, Bangsbo, &
Klausen, 1995; Clanton, 1998; Heiser TM, Weber [, Sullivan G, Clare P, & Jacobs RR,
1984; Knapik JJ, Bauman CL, Jones BH, Harris JM, & 1, 1991; R. C. Li, Maffulli, Hsu,
& Chan, 1996). The functional ratio assesses muscle action that is more functional and
occurs during activities (Aagaard et al., 1998; Aagaard et al., 1995; R. C. Liet al., 1996).

Knapik et al (1991) found female athletes with a conventional H/Q) ratio of less than .75
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were 1.6 times more likely to sustain a knee injury during a collegiate season(Knapik JJ
et al., 1991). While a H:Q ratio of .5 and higher is recommended specifically for
hamstring prevention. Considering an eccentric contraction will be higher than a
concentric contraction, a healthy recommended functional H:Q ratio is 1:1 or 1.0
(Aagaard et al., 1998; Aagaard et al., 1995; R, C. Li et al., 1996). Li et al (1996} proposed
an equal value ratio to be beneficial in limiting anterior tibial rtransiation, an injury
mechanism of the ACL (R. C. Li et al., 1996).

Neuromuscular activation to produce force and the pattern in which they are
activated has been found to be different between males and females. Females have
displayed a greater quadriceps dominant muscle activation strategy to low hamstring
activation during athletic tasks, thus creating a greater H/Q ratio and placing higher risk
upon the ACL (Chappell et al., 2007; Hewett et al., 1996; Sander TC et al., 2004; Zazulak
et al., 2005). The quadriceps contributes to ACL loading through the anterior pull of the
patellar tendon on the tibia when the knee flexion is less than forty-five degrees (Markolf
et al., 1995; Myer GD, Ford KR, & Hewett TE, 2005). Increased quadriceps activation
will result in increased quadriceps force that may increase ACL loading. To reduce
quadriceps induced anterior translation, ligament and graft strain, the hamstring muscles
serve as dynamic ACL synergists (Aune et al., 1995; Baker BE, 1991; Barratta R et al.,
1988; Dureselen L et al., 1995; MacWilliams et al., 1999; Solomonow et al., 1987).
Zazulak et al (2005) reported a quadriceps dominant strategy in landing tasks with an
increase in quadriceps activation in preparation to landing, thus decreasing the H/Q ratio
(Zazulak et al., 2005). Similarly the H/Q ratio may be altered by a decrease in hamstring

activation. In a study of recreational athletes, Chappell et al (2007) found that muscle
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activation of hamstring and quadriceps in females was higher in preparation of landing,
yet during the contact phase hamstring activation was lower than males (Chappell et al.,
2007). Likewise, Hewett et al (1996) reported knee flexor moments three times lower in
female athletes in comparison to male athletes during landing tasks (Hewett et al., 1996).
Sander et al (2004) reported females demonstrate a quadriceps dominant landing strategy
in single leg landing. Females pre-activated their quadriceps 49% more than male
counterparts, resulting in a significant increase in anterior shear force and internal
extension moments (Sander TC et al., 2004). Huston et al. (1996) compared
neuromuscular activity of elite Division I female athletes to Division I football players
and nonathlete males and females. The elite female athletes more often initiated the
quadriceps muscles first, while the other groups more often initiated the hamstrings first
during landing. Isokinetic testing was also performed and showed female athletes took
longer than the male athletes to reach peak torque in their hamstrings at 60 and 240
degrees per second (Huston & Wojtys, 1996). The reduced and delayed activation of the
hamstrings shown by the elite female athletes, demonstrates that neuromuscular
recruitment of females, no matter skill level, puts the ACL at higher risk by limiting the
synergist capabilities of the hamstrings.

Similar to the voluntary activation of the surrounding musculature, the reflex
responses also play an important role in the stability of the knee. Mechanoreceptors,
which are located in the muscles, tendons, ligaments and joint structures of the knee,
detect change in position and acceleration of the knee, and initiate the reflex (Boyd, 1954;
Johansson, Sjolander, & Sojka, 1991; Schultz, Miller, Kerr, & Micheli, 1984;

Solomonow & Krogsgaard, 2001; Zimny, Schutte, & Dabezies, 1986). Whether classified
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as fow or high threshold, once the mechanoreceptors surpass their threshold a protective
involuntary reflexive muscular response is initiated (Sjolander, Johansson, Sojka, &
Rehnholm, 1989).

Playing a direct protective mechanism, a reflect pathway between the
mechanoreceptors in ACL and the hamstrings has been demonstrated in studies (Dyhre-
Poulsen & Krogsgaard, 2000; Friemert et al., 2005; Fujita, Nishikawa, Kambic, Andrish,
& Grabiner, 2000; Solomonow et al., 1987). Solomonow et al (1987) showed a
responsive reflex hamstring contraction subsequent to anterior translation of the tibia,
placing the ACL under stress limits, in healthy male subjects (Solomonow et al., 1987).
Dhyre-Poulsen et al (2000) further investigated the protective reflex by placing wire
electrodes through the substance of ACLs of healthy participants. Postoperatively,
stimulation of electrodes at a high stimuli resulted in muscular contraction of the
semitendinosus and an inhibition of the antagonist musculature, demonstrating the reflex
pathway present in the ACL (Dyhre-Poulsen & Krogsgaard, 2000). The reflex activity
may not purely prevent ligament failure due to the latency of the ligament-muscular
reflex and the high threshold that is necessary (Dyhre-Poulsen & Krogsgaard, 2000;
Fujita et al., 2000). Due to the neural integration with other mechanoreceptors around the
knee, it may contribute to the overall stability during motion (Dyhre-Poulsen &
Krogsgaard, 2000; Solomonow & Krogsgaard, 2001). Johansson et al (1991) suggests
that low-threshold mechanoreceptors in the cruciate ligaments may increase the
sensitivity of the muscle spindles. The increased sensitivity provides a heightened
awareness of muscle lengthening in response to stresses, resulting in an earlier

contraction of the musculature and joint stiffness (Johansson et al., 1991).
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The mechanoreceptors in other joint structures can also elicit a protective
muscular reflex. If a muscle is subjected to rapid change in length, the muscle spindles
will inherently contract, as a protective mechanism, to resist damage. During anterior
tibial translation of the tibia, the hamstrings are placed on rapid stretch, exciting the
muscle spindles, and rapidly contract to counterbalance the movement (Solomonow &
Krogsgaard, 2001). Likewise, the muscle spindles and joint capsule provide a reflex
pathway of the hamstrings in ACL deficient subjects in response {o tibia translation
(Solomonow et al., 1987).

Fatigue on Incidence of Injury

Studies have shown that fatigue (Chappell et al., 2005; Coventry et al., 2006;
Horita et al., 1996; Kellis & Kouvelioti, 2007; Kernozek et al., 2008; Madigan & Pidcoe,
2003; McLean et al., 2007; Moran KA & Marshall BM, 2006; Nyland et al., 1999;
Nyland et al., 1994; Orishimo KF & Kremenic 1J, 2006; Padua et al., 2006; Rozzi,
Lephart, & Fu, 1999) and decision making (Borotikar et al., 2008; Pollard CD et al.,
2004) contribute directly to ACL injury risk because of high-risk kinematics and joint
neuromuscular strategies. Altered knee joint biomechanics are common when individuals
are exposed to either factor (Chappell et al., 2005; McLean et al., 2007). Although in a
real game setting, neither one of these factors would be independent of each other
therefore potentially providing an even greater risk of ACL injury, Suggesting the effects
of fatigue, the occurrence of athletic injuries has been shown to be higher later in play.
The incidence of injury to skiers has been reported higher in the afternoon (Tuggy ML &
Ong R, 2000) and rugby injuries have been recorded significantly higher in the second

half of play (Gabbett TI, 2000, 2002). A great percentage of non-contact knee injuries in
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soccer occur in the last 15 minutes of the first half and last 30 minutes of the second half
(Hawkins RD & Fuller CW, 1999). More specifically the last 15 minutes having the
highest number of injuries with moderate injury potential (Rahnama et al., 2002). Hockey
injuries have also occurred more often later in periods and toward the end of competition
(Pinto et al., 1999).
Definition of Fatigue

Neuromuscular fatigue can be defined as a decrease in performance, under certain
conditions (Edwards RHT, Hill DK, Jones DA, & Merton PA, 1977). For example,
during a maximal contraction of a muscle, the force being produced will decline steadily
and fatigue will be recordable. According to the given definition, fatigue is when the
target force is no longer achievable, yet if submaximal force is produced, performance
may be maintained at the target force for a long time (Vollestad NK, 1997). Therefore
fatigue can further be defined as “a loss of maximal force generating capacity” (Gandevia
SG & McKenzie DK, 1988). Although muscle weakness can also fall within the given
definition, consequently Vollestad et al (1997) provides a clear distinction that fatigue is
“any exercise-induced reduction in the maximal capacity to generate force or power
output” (Vollestad NK, 1997) and fatigue, unlike weakness, is reversible with rest (Fitts,
1994).
Central Fatigue

The generation of voluntary force results from a sequence of events and reactions
and each of these is a potential site of fatigue. The “chain of commands” involves the
central nervous system, starting at the brain and ending at the excitation of motorneurons,

and the peripheral mechanisms, starting at the excitation of muscle fibers through the
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neuromuscular junction and ending at the cross-bridges of the muscles themselves
(Edwards, 1981; Gibson & Edwards, 1985; Vollestad NK, 1997). Central fatigue can be
caused by lack of motivation, impaired transmission down the spinal cord and impaired
recruitment of motor neurons (Gibson & Edwards, 1985; Vollestad NK, 1997), Asmussen
and Mazin (1978) conducted two fundamental studies that demonstrated the central
component of fatigue in male recreational athletes. The subjects fatigued the biceps of
their dominant arm, and then following a two minute pause, the subjects continued the
lifting. The study revealed that when the subjects participated in a mental distraction,
mental arithmetic, or a physical distraction such as lifting with the opposing limb, the
subjects produced greater work output in comparison to doing nothing during the two
minute rest. The results demonstrate that the central nervous system does play a role on
fatigue, and in this case the arousal of the central nervous system facilitated a motor unit
recruitment to increase strength (Asmussen & Mazin, 1978a, 1978b). Since then, studies
have demonstrated central fatigue by an increase in force as a result of nerve stimulation,
thus bypassing the central input of muscle contraction (Gandevia, Allen, Butler, &
Taylor, 1996; Herbert & Gandevia, 1996). In a study by Gandevia et al (1996), a
progressive decline of force was documented in the biceps after repeated and sustained
maximal voluntary contractions (MVCs). Following the decline of force, the motor
cortex was electrically stimulated and an increase in foree resulted. This can suggest that
some motor units were not functioning optimally to produce maximal contractions at the

time of stimulation (Gandevia et al., 1996).
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Peripheral Fatigue

Fatigue may also occur due to dysfunction within the peripheral contributions of
muscle contraction. Peripheral fatigue may involve impairment of the function of the
peripheral nerves, neuromuscular junction transmission, electrical activity of muscle
fibers or the processes of activation within the fiber (Edwards, 1981). The cross-bridges
of the muscle fibers can be compromised during fatigue. To create a contraction, actin
and myosin proteins transition from a weak bond to a strong high-force state and
subsequent force production through a power stoke with the release of inorganic
phosphate. Adenosine diphosphate (ADP) is then produced to repeat the cross-bridge
cycle (Fitts, 2008). A decline in the force production of each cross bridge and/or a decline
in the number of cross bridges in a strong high-force state can result in a reduction of
peak force during fatigue (Fitts, 2008). Intense activities increase the rate of adenosine
triphosphate (ATP) glycolysis which thus increases the production rate of hydrogen and
inorganic phosphate. These two byproducts subsequently diminish sensitivity to Ca
concentration needed for the contractile proteins (Fitts, 2008; Maclntosh BR & Rassier
DE, 2002). Decreased force during fatigue can also result from a low free Ca
concentration needed for the contractile proteins (Maclntosh BR & Rassier DE, 2002).
Effects of Fatigue

Fatigue is most commeonly assessed and measured by the capacity to generate
force. Maximal voluntary contractions (MVCs) are a method used by researchers. MVCs
can be used as a tool to directly asses fatigue (Clark BC, Collier SR, Manini TM, &
Ploutz-Snyder LL, 2005) and as benchmarks for muscular fatigue in electromyography

(EMG) data (Kellis & Kouvelioti, 2007; Madigan & Pidcoe, 2003; Orishimo KF &
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Kremenic 1J, 2006; Padua et al., 2006; Rozzi, Lephart, & Fu, 1999). Subjects are placed
in a standard testing position and generate the highest possible force while the length of
the muscle does not change (Vollestad, 1997). For instance, fatigue for the knee extensors
can be evaluated in only one direction and the position of knee and hip flexion can be
standardized for replication. If vocal or visual encouragement is supplemented, low
variability of unfatigued MVCs of upper and lower limb joints is reported (Gandevia et
al., 1996; Vollestad NK, 1997). Although it can prove to be difficult to attribute a decline
in maximal force to a single muscle in particular muscular groups, such as the back
(Vollestad, 1997). The static nature of MVCs also do not replicate dynamic movements
and though they are used to assess the whole muscle being tested, less than 50% of the
muscle mass is activated at a given time (Sargeant & Kernell, 1993 ).

Dynamic measurement variables, such as velocity and power, are also means of
assessing fatigue (Cairns SP, Knicker AJ, Thompson MW, & Sjogaard G, 2005;
Vollestad NK, 1997). In comparison, power output declines much more rapidly than
generated isometric force (Cairns SP et al., 2005). This may be apparent because
concentric contractions are more demanding of energy, in comparison to isometric
contractions (Woledge, Curtin, & Homsher, 1985), and power is dictated by force and
velocity, which both are affected during fatigue (Cairns SP et al., 2005). Power output or
torque can be calculated at different isokinetic speeds and measured during each
contraction to give insight into the exercise changes occurring at different stages of
fatigue and phases of contraction (Vollestad, 1997).

Fatigue not only decreases force production, but also adversely affects other

musculoskeletal functions. Studies have shown deterioration in proprioception as a result
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of physical fatigue (Givoni NJ et al., 2007; Lattanzio et al., 1997; Skinner, Wyatt,
Hodgdon et al., 1986; Walsh et al., 2004). As the mechanoreceptors within the
musculature around the knee play an important link in joint position sense, it had been
hypothesized that if the musculature is fatigued, the afferent pathway is disrupted,
reducing the joint’s stability (Lattanzio et al., 1997; Skinner, Wyatt, Hodgdon et al.,
1986). While other studies attribute the decline of position sense on central origin or the
impaired judgment of muscle force and effort (Allen & Proske, 2006). Proprioception is
often evaluated in studies using position matching, as one limb must match the position
of the opposing limb. During position matching of fatigued musculature, subjects must
exert more effort to attain a given position; therefore if they match the contralateral limb
effort matching errors will occur (Allen & Proske, 2006, Walsh et al., 2004). Therefore it
is suggested athletes may decrease proprioception by disrupted pathways and/or using
effort as a gauge of joint position instead of feedback. Whether the origin of deficit is
peripheral or central, decreased proprioception decreases the ability to detect body
positioning during movements. Therefore reduced proprioception, with the onset of
fatigue, will increase the likelihood of potentially harmful body positioning during
athletic tasks.

Ligamentous laxity has also been shown to coincide with the onset of fatigue,
Cyclical loading, or high repetitive stresses, of the ACL occurs during normal and
athletic activities such as walking, running, bicycling, cutting, and jumping (Rozzi,
Lephart, & Fu, 1999; Sbriccoli P, Solomonow M, Zhou BH, Lu Y, & Sellards R, 2005).
Due to the protective viscoelastic characteristics of the ACL, repetitive loading will

decrease the threshold of load or stress of the ligament causing laxity {Woo,
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Abramowitch, Kilger, & Liang, 2006). Chu et al (2003) recorded co-contraction changes
after static ACL ligament creep. During both active knee flexion and extension, increased
force and electromyography was recorded in the agonist musculature without
compensation from the antagonist (Chu et al., 2003). Following a running fatigue
protocol of 3.5 miles, Stoller et al (1983) demonstrated an increase in knee torsional
laxity. The increase remained above baseline measures for an average of 52 minutes
following the conclusion of the fatigue protocol (Stoller et al., 1983). Likewise, 90
minutes after basketball participation, Sakai et al (1992) reported an increased anterior
knee laxity in female semiprofessional basketball players (Sakai et al., 1992). Anterior
knee laxity was also found by Skinner et al (1986) following a fatigue protocol consisting
of sprints and isokinetic testing (Skinner, Wyatt, Stone et al., 1986). As studies have
reported females possess greater joint laxity than male counterparts (Huston & Wojtys,
1996; Rozzi, Lephart, Gear, & Fu, 1999), fatigue can further exacerbate this potential risk
factor. Sbriccoli et al (2005} applied a passive anterior cyclic load, approximately 20 to
25% of body weight, for 10 minutes to healthy subjects in knee flexion angles of 35 and
90 degrees. Females displayed significantly greater anterior displacement following
cyclic loading, suggesting the ACL experienced laxity, as it is the major restraint to
anterior tibia translation at the testing angles (Sbriccoli P et al., 2005).

Studies have demonstrated that ligamentous creep due to static or cyclic loading is
associated with a decrease in excitability of the reflex arcs initiated by mechanoreceptors
within the ACL, causing impairment of the protective reflex response of the musculature
(Solomonow et al., 2003; Solomonow, Zhou, Baratta, Lu, & Harris, 1999). Fatigue has

been attributed to decrease reflex magnitude (Melnyk M & Gollhofer A, 2007; Nelson &
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Hutton, 1985; Nicol et al., 1996) and increase muscle reaction time (Hakkinen & Komi,
1986; McMorris & Keen, 1994; Nyland et al., 1994; Rozzi, Lephart, & Fu, 1999).
Whether initiated by the mechanoreceptors within the musculature, ligaments or joint
capsule, reflex activity occurs before the onset of voluntary muscle contraction once a
threshold of stress is met (Sjolander et al., 1989). Therefore a decrease in the magnitude
of reflex or latency in reflex activity can compromise the dynamic stability of the knee.
Subsequent to hamstring fatigue, the magnitude of the biphasic hamstring reflex
significantly reduced in response due to anterior tibial translation in a study by Melynk et
al (2007) (Melnyk M & Gollhofer A, 2007). Likewise, Nicole et al (1996) showed a
decrease in magnitude of the stretch reflex in the lateral gastrocnemius, a synergist to the
ACL, immediately after a fatiguing stretch shortening cycle exercise (Nicol et al., 1996).
Other studies have focused on the latency of reflexes in response to fatigue to assess joint
stability. Rozzi et al {(1999) reported an increase of the onset of contraction time for the
medial hamstring muscle and lateral gastrocnemius during a jump landing task after an
isokinetic knee flexor and extensor fatigue protocol (Rozzi, Lephart, Gear et al., 1999).
Woijtys ct al (1996) also demonstrated delayed reaction time of the gastrocnemius,
quadriceps and hamstrings musculature in response to anterior tibial translation after
fatigue (Wojtys, Wylie, & Huston, 1996). The delayed or decreased magnitude of
reflexes can place greater risk on the ACL by limiting the dynamic stability provided by
the thigh musculature.
Fatigue Protocols in Research

The onset of fatigue around the knee is often replicated in research using either a

general fatigue protocol or an isolated isokinetic fatigue protocol. General lower
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extremity protocols utilize different repetitive tasks such as squats (Borotikar et al., 2008;
Coventry et al., 2006; Kernozek et al., 2008; Madigan & Pidcoe, 2003; Padua et al.,
2006), vertical jumps (Chappell et al., 2005; Coventry et al., 2006}, landings from various
heights (Coventry et al., 2006; Madigan & Pidcoe, 2003), step-ups (McLean et al., 2007;
Orishimo KF & Kremenic 1J, 2006), plyometric bounding (McLean et al., 2007), and
sprinting or running (Benjaminse et al., 2008; Chappell et al., 2005; Miura KM et al.,,
2004; Moran KA & Marshall BM, 2006). Fatigue can be determined when the subject
feels he/she can no longer successfuily perform the tasks in the protocol (Borotikar et al.,
2008; Chappell et al., 2005; Coventry et al., 2006), the subject’s heart rate (Benjaminse et
al., 2008; Miura KM et al., 2004), increase in time of completion of tasks (Wikstrom EA
et al., 2004), or the subject reports the highest numerical value in a scale of rating of
perceived exhaustion (RPE) (Benjaminse et al., 2008; Moran KA & Marshall BM, 20006).

Isolated isokinetic fatigue protocols induce fatigue through repetitive (Melnyk M
& Gollhofer A, 2007; Miura KM et al., 2004; Nyland et al., 1999; Rozzi, Lephart, & Fu,
1999; Wikstrom EA et al., 2004) or sustained contractions (Clark BC et al., 2005). The
onset of fatigue is then determined when the sustained contraction falls below a
percentage of each subject’s baseline (Clark BC et al., 2005) or three to five repetitions
fall below a predetermined percentage of each subject’s baseline peak torque (Melnyk M
& Gollhofer A, 2007; Miura KM et al., 2004; Nyland et al., 1999; Rozzi, Lephart, & Fu,
1999; Wikstrom EA et al., 2004),
Fatigue Neuromuscular Strategies

Kinematic changes that occur subsequent to the onset of fatigue have been

attributed to changes in neuromuscular strategies. Due to compromised muscular
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function, redistribution of work and muscular recruitment is altered to accomplish a given
task. Although the redisiribution can be classified as a shift from fatigued musculature to
a greater reliance to less or non-fatigued musculature (Coventry et al., 2006; Kellis &
Kouvelioti, 2007; Madigan & Pidcoe, 2003; Orishimo KF & Kremenic 11, 2006). One
strategy found in research is the ankle dominant strategy, which is an increased utilization
of ankle musculature, mainly the gastrocnemius and soleus. Padua et al (2006)
concluded due to the fatigue task chosen, consisting of squats, little stress was placed on
the ankle musculature, thus causing the increased activation of the ankle musculature and
less reliance placed upon the knee musculature, largely the hamstrings musculature
(Padua et al., 2006). Orishimo et al (2006) recorded a proximal to distal redistribution of
moments during a single leg forward hop. The plantar flexion moment at the ankle
increased to the decreasing moments at the knee and hip, thus a greater reliance was
placed on the ankle musculature. Conversely, Coventry et al (2006) reported increased
range of motion and work at the hip, following a functional fatigue protoco! of squats and
landing, suggesting an increased reliance on the larger proximal muscles at the hip
(Coventry et al,, 2006). Although discrepancy in ankle mechanics in literature may be
dependent upon the type of landing technique or task that is analyzed.

Quadriceps dominant strategy has also been found as a common neuromuscular
strategy due to the onset of fatigue in jump landing (Kellis & Kouvelioti, 2007; Padua et
al., 2006). As females have demonstrated this as a preferred landing strategy without the
effects of fatigue (Chappell et al., 2007; Hewett et al., 1996; Huston & Wojtys, 1996;
Sander TC et al., 2004; Zazulak et al., 2005), it raises concern for the female population.

A high hamstrings to quadriceps ratio can cause direct strain on the ACL (Markolf et al.,
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1995; Myer GD et al., 2005). Due to quadriceps fatigue, Padua et al (2006) hypothesized
the increased contraction on the quadriceps was due to a compensatory strategy in order
to accomplish the hopping task (Padua et al., 2006). Similarly, Kellis et al (2007)
reported increased quadriceps contraction in response to isolated quadriceps fatigue and
isolated hamstrings fatigue (Kellis & Kouvelioti, 2007). Kellis et al (2007) theorized the
increased quadriceps contraction in response to isolated hamstrings fatigue was due to an
attempt for the bi-articulate quadriceps to control the knee and hip due to the impairment
of the hamstrings.
Effects of Fatigue on Jump Landing Mechanics

As the function of musculature is compromised during fatigue, the likelihood and
severity of potentially harmful landing mechanics and forces may increase the probability
of injury. Fatigue may cause a decrease in shock absorption during landing. Forces
placed on the body during landing are attenuated primarily through muscles because of
their active contractile properties (Mizarhi and Susak 1992). Yet the onset of fatigue
reduces that capacity of muscles fibers to absorb energy (Lepers, Hausswirth, Maffiuletti,
Brisswalter, & van Hoecke, 2000). Voloshin et al (1998) and Mercer et al (2003) both
reported less shock attenuation after the induction of fatigue at heel strike during fatigued
running {(Mercer, Bates, Dufek, & Hreljac, 2003; Voloshin A, Mizrani J, & Isakov E,
1998). It is hypothesized that the fatigued muscles are less effective in force absorption
and caused increased, potentially dangerous, forces due to heel strike. An increase in
forces during landing can cause increase stress through the kinetic chain and produce
direct strain on the ACL (Lephart SM et al., 2002). Although other fatigue landing

studies have reported no significant change in shock attenuation at heel strike for male
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athletes during running and single and double leg landing (Derrick et al 2002, Coventry
et al 2006, Kernozek et al 2008, Orishimo et al 2006). Contrary, Kellis et al (2007)
documented a significantly lower maximum GRF following a knee extensor fatigue
protocol (Kellis & Kouvelioti, 2007). The greater attenuation in these studies can be
attributed to the increased knee flexion causing a mechanical advantage for shock
absorption (Coventry et al., 2006; Derrick, Dereu, & McLean, 2002; Kernozek et al.,
2008; Madigan & Pidcoe, 2003; Orishimo KF & Kremenic 1J, 2006).

Knee joint landing kinematics after fatigue have also been reported with mixed
results. Coventry et al (2006) reported an increase of knee flexion at initial contact post-
fatigue during a maximal single-leg counter-movement jump. Male subjects performed a
single leg fatigue, consisting of single leg landing, counter-movement jumps and squats
(Coventry et al., 2006). Similarly, Kellis et al (2007) reported an increase in knee flexion
at inmitial contact and peak knee flexion angles in a single leg landing subsequent to
isolated single leg isokinetic hamstrings fatigue and isokinetic quadriceps fatigue (Kellis
& Kouvelioti, 2007). Yet Benjaminse et al (2008) documented decreased knee flexion at
initial contact from a single leg landing following a running fatigue protocol (Benjaminse
et al., 2008). Increased knee flexion is a desirable landing position, as the hamstrings
musculature can resist anterior tibial translation at higher knee flexion angles (G. Li et al.,
1999; Markolf et al., 1995; Markolf et al., 1990). In a study by Kernozek et al (2008),
both male and female subjects displayed increased anterior tibial translation force post-
fatigue in comparison to baseline measures during a single leg landing. Yet males were
more effective in resisting the maximum anterior shear force produced by reaching

greater knee flexion (Kernozek et al., 2008).
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Fatigue has also influenced knee kinematics in the frontal and transverse planes of
motion. McLean et al (2007) induced fatigue on 10 male and female Division 1 athletes
through a 4-minute general lower extremity fatigue consisting of step-downs and
bounding drills. Pre-fatigue females displayed greater peak knee valgus angles and peak
knee internal rotation during a 50 cm bilateral drop vertical jump, which is similar to
other studies (Chappell et al., 2002; Cowley HR et al., 2006; Ford et al., 2003; Malinzak
et al., 2001; Pappas E et al., 2007). With the onset of fatigue, both males and females
peak knee valgus angles and knee internal rotation increased, while increases were
statically more pronounced in females (McLean et al., 2007). Similarly, Nyland et al
(1999) reported an increase in internal rotation at initial contact of a unilateral cutting
manecuver following an isolated eccentric hamstring fatigue protocol (Nyland et al.,
1999). Knee valgus has been reported as a common mechanism of injury to the ACL and
predict ACL injuries with high sensitivity (Hewett et al., 2005). Similarly, internal
rotation of the tibia has been shown to induce increased loading on the ACL (Kanamort
A et al., 2002). These harmful stresses on the knee can be further exacerbated with
unanticipated tasks, which is common in athletics. In a study by Borotikar et al (2008),
female NCAA athletes endured a fatigue protocol consisting of single leg landings with
cutting, forward double leg landings followed by maximum height jumps and double leg
squats. Random series of anticipated and unanticipated of single leg landings were used
for analysis, while the other tasks were intended to induce fatigue. Borotikar et al (2008)
reported fatigue and decision making significantly increased peak knee valgus and knee
internal rotation angles at peak stance of a single leg landing followed by a cutting

motion {Borotikar et al., 2008). As both fatigue and decision making are synonymous
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with athletic competition, this may provide further insight into further risk for females for
non-contact ACL injuries,

Similar to the knee, hip kinematics have also been affected by fatigue during
athletic tasks. The hip musculature plays a primary role in the support and stabilization of
the body during the absorption or contact phase of landing tasks (Decker et al., 2003;
McNitt-Gray, 1993). Borotikar et al (2008) reported a more extended landing strategy of
female athletes with less hip flexion at initial contact and increase of hip internal rotation.
Authors suggested due to the squat fatigue protocol, athletes may have used a more
upright strategy to insure landing during fatigue due to the compromised function of the
hip and knee extensors. Yet this may place more strain on the non contractile structures
of the knee by adopting a stiff strategy that limits the body’s ability to absorb forces
during landing (Lephart SM et al., 2002). Fatigue of the hip musculature can not only
have an effect on the hip but also change other joints throughout the distal kinetic chain.
As increased hip internal rotation at initial contact, has been correlated with peak knee
abduction moments in landing activities (McLean, Huang, & van den Bogert, 2005).
Likewise, Carcia et al (2005) documented increase knee valgus angles subsequent to an
isometric fatigue on the hip abductor musculature (Carcia CR, Eggen JM, & Shultz S,
2005).

Hip flexion may also increase due to the onset of fatigue. Coventry et al (2006)
reported an increase in hip flexion at initial contact and peak hip flexion angles. The
subjects endure a lower extremity fatigue, consisting of single leg landings and single leg
squats, and performed single leg landings pre and post fatigue. Coventry et al (2006)

suggested that the onset of fatigue resulted in a greater dependence of the larger muscles
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in the lower extremity to decelerate the body at contact (Coventry et al., 2006). Due to
inconsistency in fatigue studies, hip kinematics may be highly dependent upon the
musculature that is fatigued during a chosen fatigue protocol. Kellis et al (2007)
performed two separate isokinetic fatigue protocols of the hamstrings and quadriceps
separately. The quadriceps fatigue resulted in increased maximum hip flexion values in
contrast to the hamstring fatigue that did not affect hip flexion kinematics. They
suggested that fatigue responses may differ corresponding to the musculature that
becomes fatigued and the function, or agonist versus antagonist role, that the muscle acts
on the joint (Kellis & Kouvelioti, 2007).
Summary

Jump landing has been identified as a primary mechanism of ACL injury, with
females at greater risk. Fatigue, having a direct detrimental effect on muscular function,
has shown to further affect the landing mechanics during jump landing tasks (Benjaminse
et al., 2008; Borotikar et al., 2008; Chappell et al., 2005; Coventry et al., 2006; Kernozek
et al., 2008; McLean et al., 2007; Orishimo KF & Kremenic 1J, 2006; Padua et al., 2006),
Due to the dynamic stability the musculature around the knee provides, fatigue has been
shown to modify neuromuscular strategies that may increase the stresses placed upon the
ACL (Kellis & Kouvelioti, 2007; Padua et al., 2006). As the hamstrings act to assist in
the stability of both the knee and hip and are aims of injury prevention programs
(Chimera et al., 2004; Heweitt et al., 1996; Wilkerson et al., 2004), it is important to
understand how fatigue can affect their protective role {(Aune et al., 1995; Baker BE,

1991: Barratta R et al., 1988; Dureselen L et al., 1995; MacWilliams et al., 1999;



Palmitier RA et al., 1991; Solomonow et al., 1987). Due to different tasks and types

fatigue protocols, the effect of fatigue on injury still remains unclear.
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CHAPTER I}
METHODOLOGY
Design

An experimental design, of separate repeated measures analysis of variance, was
used to determine the effects of fatigue on landing kinematics. Separate repeated-
measures analyses of variance for each of the dependent variables to determine if
instruction and fatigue had an influence on the variables tested. Knee and hip angles
involved two with-in subject variables: time (pre-instruction/pre-fatigue, post-
instruction/pre-fatigue, post-fatigue) and feedback group (self feedback, combination
feedback, no feedback).

The control group, subjects who received no instruction, was used in the
experimental design. The independent variable was time which has three levels: pre-
instruction/pre-fatigue, post-instruction/pre-fatigue and post-fatigue. The post-
instruction/pre-fatigue was chosen as pre-fatigue for analysis, as there was no significant
difference between the two pre-fatigue times. The dependent variables were kinematic
values, measured in degrees, of knee flexion, knee valgus, and hip flexion at maximum
knee flexion and at initial contact. Maximum hip flexion was also a dependent variable.
Subject Characteristics

A sample size estimation was calculated using G* Power 3.0 for a minimal
statistical power of 80% and p-value of .05. Sample size estimation from the different
significant kinematic and Kinetic variables ranged from 6 to 20 subjects, determining that
15 healthy female recreational athletes would be sufficient for this study (Pecker et al.,

2003; Ford et al., 2003; Kellis & Kouvelioti, 2007; Lephart SM et al., 2002). Female
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subjects were of interest as they are 2 to 9.7 times more likely to sustain an injury to their
ACL in athletics ranging from basketball, soccer, handball, rugby, alpine skiing and
military training (Arendt EA et al., 1999; Arendt EA & Dick R, 1995; Gwinn DE et al,,
2000; Lindenfeld TN et al., 1994; Messina DF et al., 1999; Myklebust G et al., 1998;
Stevenson H et al., 1998). Of the 15 subjects, 14 were classified as right leg dominant and
1 subject as left leg dominant. The left leg dominant subject was dropped from analyses
to eliminate leg dominance as a covariate. This aids to eliminate leg dominance as a
factor that may affect the outcomes of the results, as leg dominance was not a factor of
interest. The 14 healthy female recreational athletes (age=21.4 £ 1.45 yrs; height=
165.14 & 8.26 cm; mass= 65.56 = 16.43 kg) exercised a minimum of three times per week
for a minimum of twenty minutes. They did not have a history of lower extremity injury
in the past two months that limited them from activity for more than one day, no current
self-reported history of lower extremity instability, or history of any lower extremity
surgery within the past two years (Onate et al., 2005) . All subjects signed informed
consent documents approved by the Old Dominion University Institutional Review
Board.
Instrumentation

The Primus RS (BTE Technologies Inc, Hanover, MD) was used to induce
isolated hamstring fatigue through a custom designed endurance fatigue protocol. The
Primus RS measured the torque provided by each subject and numerical values were
instantaneously visible on a computer-based software provided by Primus RS, operated
on a Windows XP system (Microsoft Corp, Redman, WA). The Primus RS machine was

calibrated prior to the start of data collection and completed on a bimonthly basis, as
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recommended by the company calibration protocol. The calibration protocol included a
calibration tool attachment that was attached to the axis of rotation of the Primus RS and
provided accurate calibration of position, force, and torque throughout testing.

The lower extremity kinematic data of the landing trials were collected with the
VICON Motion System (VICON Motion Systems Ltd., Oxford England). The system
consisted of eight cameras positioned in the laboratory at a sampling rate of 500 Hz. The
reflective markers, 14mm in diameter, were placed on the specific body landmarks and
were detected by at least two of the high speed cameras. The VICON Motion System has
been found to be reliable, both with-in day and between day (Kadaba et al., 1989). To
ensure high reliability during between day testing, marker placements should be
standardized to minimize errors (Kadaba et al., 1989). Before each day of data collection,
the VICON system was calibrated through a dynamic calibration by waving a 5-marker
wand around the laboratory to {ine-tune camera positions and a static calibration frame
by placing a S-marker wand in the right hand corner of the force plates to determine the
volume origin.

Two Bertec 4060-NC (Bertec Corporation, Columbus, Ohio) forceplates were
used to collect the ground reaction forces at a sampling rate of 500Hz. The forceplates
were synchronized with the VICON motion analysis system and used to determine the
point at which initial contact occurred. The two forceplates were secured in a wooden
runway platform for a combined area of 60 ¢cm x 80 cm. The analog signal was amplified
and sent to an A to D board to be converted to a digital signal. Data reduction was
performed with Visual 3D (C-Motion Inc.), where a kinematic model was built based on

the subjects’ static trial.
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Box Drop Task

The box drop jump-landing task has been used by various researchers to replicate
landings demonstrated in sports, such as basketball, soccer and volleyball (Cowley HR et
al., 2006; Fagenbaum & Darling, 2003). The task started with the subject standing on a
30 cm high box with feet shoulder width apart and placed 30 cm back from the force
plates (Cowley et al, 2006). Each subject was instructed to drop directly down off the box
and land with one foot on each of the force plates. Upon foot contact and the loading
phase of the landing, each subject subsequently jumped up for maximum vertical height
while reaching both hands up (Cowley et al, 2006) and landed with each foot on a
separate force plate. No verbal or visual reinforcement was provided during this task.
Testing Procedure

Subjects reported to testing wearing a sports bra or tight shirt, spandex shorts and
athletic sneakers that they regularly used for exercise. Subjects completed a questionnaire
to ensure subject inclusion and exclusion criteria before participating in any activity. Pre-
testing measurements of height and weight were taken, and anthropometric
measurements of leg length, knee width, and ankle width were also recorded.

Each subject was given ten minutes to warm up on a bike and self-directed
stretch. During these ten minutes, the anthropometric measurements were inputted into
the VICON motion system. Following the time allowed for stretch and warm-up, the
reflective markers were placed on the subject by double-sided taped and reinforced with
flexible tape.

The marker system consisted of sixteen reflective markers placed on bony

landmarks of the body. The pelvis was defined by placing reflective markers on both
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anterior superior iliac crests and and posterior superior iliac crests. The lower extremity
was defined by a series of reflective markers placed bilaterally. The lateral lower 1/3
surface of the thigh, the lateral epicondyle of the knee, the lower 1/3 of the shank, and the
lateral malleolus along the imaginary line that passes through the transmalleolar axis
were points of reflective marker placement. The feet bilaterally received reflective
markers over the second metatarsal head, mid-foot side of the equines break between
forefoot and mid-foot and on the calcaneous at the same height as the metatarsal marker.

Following the placement of all the markers, a static trial was taken of each
subject. This required the subject to stand with each foot on the corresponding forceplate
with arms crossed, ensuring all reflective markers were visible (Figure 1). Upon
completion of the static trial, the box drop task was explained to each subject. The
subjects were instructed to place their feet at the edge of the box, shoulder width apart
and shift their weight forward to fall off the box (Figure 2a). The subjects were also
instructed to land with their feet in the corresponding right and left force plate (Figure 2b)
and, upon landing, jump straight up into the air to achieve maximal vertical jump height.
Afier proper instruction of the box drop task, each subject was allowed three practice
trials to become familiar with the box-drop task. Then five trials of the box-drop followed
the familiarization for cach subject. Once completed, the subjects were given ten minutes
of rest with no instruction and performed five trials of the box drop task again. This
second time instance of five trials was used as the pre-fatigue trials for analyses.

After performing the box-drop trials, the subjects completed an isolated hamstring

fatigue protocol. Each subject was informed that upon completion of the fatigue protocol,
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they would be asked to attain another static trial and then immediately perform the same
landing task.
Induction of Fatigue

Isolated fatigue was induced on the hamstrings on the dominant leg using a
modified protocol initially designed by Kellis et al 2007. The dominant leg was
operationally defined as the preferred leg to kick a ball (Orishimo KF & Kremenic 1J,
2006). The subject was positioned in a seated position with arms crossed and hip flexion
at 90 degrees and stabilized at the thigh and chest with Velcro straps (Figure 3a). The
axis of rotation was set at the posterior aspect of the lateral femoral condyle of the knee,
the approximate center of rotation (Figure 3b) .

Maximum hamstring torque of each subject was determined from five eccentric
maximal effort repetitions of the hamstrings (Figure 4). The maximal value was
established for each subject to determine target levels of the fatigue. The isokinetic
velocity was set at 120°/s and range of motion allowed at the knee was from 0 degrees to
90 degrees of knee flexion. The subjects were instructed to exert minimal or no effort
during the concentric contraction and maximal effort during the eccentric contraction
through the 90 degrees of range of motion.

During the fatigue testing, subjects performed continuous maximal effort
repetitions until three continuous repetitions fall below 30% of the pre-determined peak
eccentric hamstring torque (Kellis & Kouvelioti, 2007) (Figure 5). The subjects also
received standardized verbal instruction of “pull, pull, pull, pull, pull” during each
eccentric contraction to maintain maximal effort throughout testing. After fifteen

consecutive repetitions, the Velcro straps were readjusted and the emphasis of effort on
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the eccentric contraction was reiterated to maintain proper positioning of the subject and
reduce the effects of cardiovascular or central fatigue. Once a subject had two
consecutive eccentric contractions under the 30% reduction of maximum torque, the
instructions of maximum effort during the eccentric contraction were reiterated to ensure
full effort of the subject. The average number of repetitions until fatigued was 86.93 +
48.8 repetitions with time to completion lasting an average of 18.66 + 10.14 minutes.

Upon completion of the fatigue protocol, the subject was unstrapped and was
instructed to assume the static position on the force plates in the corresponding room.
Each subject then performed five trials of the box jump task, lasting an average of 47.93
+ 18.64 seconds, The time pass between the completion of the fatigue protocol and the
beginning of the first box drop post-fatigue was an average of 72.79 * 18.39 seconds.
This is in agreement with other fatigue studies as the average time of rest between fatigue
protocol and task ranges between 90 to 120 seconds.
Data Analysis

Separate repeated measures analysis of variance were conducted for each one of
the dependent variables, with time as the within subject effect. The dependent variables
included maximum hip flexion, and knee flexion, knee valgus, and hip flexion at initial
contact and maximum knee flexion. A significant level of < .05 was set a priori for all
analyses. Means and standard deviations were calculated for all dependent measures.
Statistical analyses were conducted in SPSS for Windows (version 16.0; SPSS Inc,

Chicago, IL).



Figure 1: Static trial.
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Figure 2: Box drop task.

2a. Subject on the box at the beginning of the box drop task.
2b. Subject on the force plates during the stop-jump phase.
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Figure 3: Hamstring fatigue protocol.

3a. Frontal view
3b, Axis of rotation
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Figure 5: Example of subject peak eccentric torque decline during hamstring fatigue

protocol.
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CHAPTER IV

RESULTS

The means and standard deviations for all measures at initial contact are presented
in Table 1. The means and standard deviations for all measures at maximum knee flexion
are presented in Table 2. Finally, the means and standard deviations for maximum value
measures are presented in Table 3.

Knee Flexion at Initial Contact

There was no statistical significant difference in knee flexion angles at initial
contact due to fatigue (F(z,13) =839, p=.444) (Table 1). There was no significant
difference between pre (-22,25+9.2, Cl= -27.58;-16.92) and post-fatigue (-23.15+1.1, Cl=
-29.6;-16.7) (Figure 6). The associated effect size was low d = .09. Therefore, the null
hypothesis for knee flexion at initial contact was not rejected.

Knee Valgus at Initial Contact

There was no statistical difference in knee valgus angles at initial contact (Fi2.13)
=701, p= 448) (Table 1). Subjects displayed no significant difference between pre (-
2.44%4.09, Cl= -4.8; -.07) and post- fatigue (-2.034+4.42, CI= -4.59; .519) (Figure 7). The
associated effect size was low d= .09. The null hypothesis for knee valgus at initial
contact was not rejected.

Hip Flexion at Initial Contact

There was a statistically significant difference in hip flexion angles at initial
contact due to fatigue (F2.13y=4.226, p=.026) (Table 1). Subjects displayed significantly
less hip flexion at initial contact pre-fatigue (40.68 + 6.82, Cl=36.71; 44.62) than post-

fatigue (43.78 £ 8.21, CI=39.03; 48.52) (Figure 8). The associated effect size was
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moderate d= .38. The null hypothesis that there would be no significant difference post-
fatigue, in hip flexion, was rejected.
Knee Valgus at Maximum Knee Flexion

Knee valgus at maximum knee flexion was not statistically significant due to
fatigue (Fe2,13) =.104, p=.902) (Table 2). There was no significance difference in knee

valgus at maximum knee flexion between pre (2.29+8.35, Cl= -2.52; 7.11) and post

fatigue (2.51+8.78, C1=-2.55; 7.58) (Figure 9). The associated effect size was low d=
.002. Therefore, the null hypothesis of maximum knee flexion was not rejected.
Hip Flexion at Maximum Knee Flexion

There was not a statistically significant difference in hip flexion at maximum knee
flexion (F(,13) = .910, p=378) (Table 2). Subjects displayed no significant difference
between pre (77.11+ 11.11, CI= 70.69; 83.53) and post-fatigue (75.97+ 1.14, CI= 69.35;
82.59) (Figure 10). The associated effect size was low d= .10. The null hypotheses
postulating differences in hip flexion at maximum knee flexion due to fatigue was not
rejected.
Maximum Knee Flexion

There was not a statistically significant difference in maximum knee flexion due
to fatigue (F(2,13) =1.254, p=.302) (Table 3). There was no significant difference between
pre (-81.71£11.89, CI= -88.57; -74.84) and post-fatigue (-80.86x11.67, CI= -87.6; -
74.11) (Figure 11). The associated small effect size was d=.07. The null hypothesis that

there would be no significant difference due to fatigue is not rejected.
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Maximum Hip Flexion

Maximum hip flexion was not statistically significantly different due to fatigue
(Fa13y=.118, p= .889) (Table 3). There was no significant difference in maximum hip
flexion between pre (78.55+ 11.22, CI= 72.07; 85.03) and post-fatigue (78.89% 1.08, CI=
72.61; 85.17) (Figure 12). The associated effect size was low d=.03. The hypothesis that
there would be no significant difference due to fatigue at maximum hip flexion was not

rejected.
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Table 1: Results at initial contact for knee and hip kinematics pre- and post-fatigue

(Meanz SD)
Pre- Fatigue Post-Fatigue df’ F P
Knee Flexion (°) -22.26+92 2315+ 1.1 2,13 0.839 0.444
Knee Valgus (°) -2.44+409 203+442 2,13 0.701 0.448
Hip Flexion ( ° ) 4068 +6.82 43.78 £ 8.21 213 4.228 .026*

Knee flexion (+)
Knee extension (-)
Knee valgus {-}
Knge varus (+)
Hip flexion (+)

Hip extension {-)

* p< .05
' Degrees of freedom
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Table 2: Results at maximum knee flexion for knee and hip kinematics

pre- and post-fatigue (MEAN+SD).

Pre- Fatigue Post-Fatigue df’ F P
Knee Valgus ( ° ) 2.29 +2.52 2511878 2,13 0.104 0.802
Hip Flexion { ®) 7711 £ 111 7597 £1.14 213 0.91 0.378

Knee valgus (-)
Knee varus (+)
Hip flexion (+)
Hip extension (-)

! Degrees of freedom
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Table 3: Maximum results for knee and hip kinematics pre- and post-fatigue (MEAN£SD)

Pre- Fatigue Post-Fatigue df’ F P
Knee Flexion(°) -81.71111.9 -80.86 £ 11.7 2,13 1.254 0.302
Hip Flexion (°)  78.55% 11.1 78.89 + 1.08 2,13 0.118 0.889

Knee flexion (+)
Knee extension (-)
Knee valgus (-)
Knhee varus (+)
Hip flexion (+)

Hip extension (-)

' Degrees of freedom



Figure 6. Knee flexion at initial contact.
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Figure 7. Knee valgus at initial contact.
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Figure 8. Hip flexion at initial contact.
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Figure 9. Knee valgus at maximum knee flexion.
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Figure 10. Hip flexion at maximum knee flexion.
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Figure 11. Maximum knee flexion.
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Figure 12, Maximum hip flexion.
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CHAPTER V
DISCUSSION

The purpose of this study was to investigate the effects of isolated hamstring
fatigue on maximum hip flexion, maximum knee flexion, knee valgus and hip flexion at
maximum knee flexion and knee valgus, knee flexion and hip flexion at initial contact.
We hypothesized that isolated hamstring fatigue would result in altered kinematics during
a box drop task. The major finding indicated that isolated hamstring fatigue caused a
significant increase in hip flexion at initial contact, while having no significant effect on
maximum hip and knee flexion, knee flexion at initial contact, hip flexion at maximum
knee flexion, and knee valgus at initial contact and maximum knee flexion.

Hip flexion at initial contact was hypothesized to increase following isolated
hamstrings fatigue. It is important to understand the functions the hamstrings provide on
the stability of the lower extremity. As the hamstrings play an important role in providing
stability to the knee, the eccentric contraction of the hamstrings also provides
stabilization to the hip (Palmitier RA et al., 1991) The function of the hamstrings serve as
both hip extensors and knee flexors, as they are bi-articulate muscles (Seeley RR et al.,
2003). Therefore it can be theorized if the hamstrings force production is reduced, due to
fatigue, and the quadriceps ability to produce force is unaffected, mechanical efficiency
of the quadriceps may have resulted in an increase in hip flexion. Padua et al (2006)
reported an antagonist inhibition strategy of the hamstrings during a hopping task
following a squat fatigue protocol. Padua et al (2006} concluded inhibition of the
hamstrings may have represented a compensatory mechanism to maximize efficiency of

the quadriceps necessary for the hopping task. As the current study fatigued the
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hamstrings, therefore deceasing force capabilities, it may have potentially increased the
efficiency of the unfatigued quadriceps. The increased efficiency of the quadriceps, with
decreased antagonist contribution at the hip joint may have resulted in increased hip
flexion. However, electromyography (EMG) data is necessary to verify any
neuromuscular recruitment strategies that may have occurred due to hamstring fatigue.
Increase of hip flexion at initial contact can also be theorized due to the
neuromuscular quadriceps dominant strategy that females have shown in previous jump
landing studies (Chappell et al., 2007; Hewett et al., 1996; Malinzak et al., 2001; Sander
TC et al., 2004; Zazulak et al., 2005). The at risk neuromuscular quadriceps dominant
strategy has been shown to become exacerbated with the addition of fatigue (Kellis &
Kouvelioti, 2007; Padua et al., 2006). Similar to the hamstrings, the rectus femoris is a bi-
articulate muscle, allowing movement at both the hip and knee (Seeley RR et al., 2003).
Therefore a quadriceps dominant landing strategy in conjunction with decreased
recruitment or reduced capabilities of the hamstrings, which serve as hip extensors, may
result in increased hip flexion. Padua et al. (2006) recorded increased activation of the
rectus femoris and vastus medialis in both genders during a continuous hopping task
following a fatigue protocol consisting of squats, yet females demonstrated 2 to 4 times
greater activation of the quadriceps in preparation to landing and immediately after
contact respectively. Independent fatigue of both the quadriceps and hamstrings also
resulted in increased activation of the quadriceps (Kellis & Kouvelioti, 2007). Fatigue of
the quadriceps resulted in reduced activation of the biceps femoris and maintained
quadriceps activation before and just after initial contact from a single leg landing from a

30cm box drop. Fatigue of the hamstrings, a protocol nearly identical to that used in this



73

study, resulted in increased activation of the quadriceps prior to contact (Kellis &
Kouvelioti, 2007). If EMG data was available in the current study, more objective data
would be available to demonstrate the neuromuscular activation patterns.

The timing of the quadriceps activation may also provide insight into the
significant increase of hip flexion at initial contact. As increased quadriceps activation
was documented in studies by Padua et al (2005) and Kellis et al (2007), the enhanced
activation occurred during the preparatory and initial loading phases of their tasks. Padua
et al. (2006) operationally defined the preparatory phase as 50 milliseconds(ms) before
initial contact and the initial loading phase as 50ms after initial contact (Padua et al.,
2006). Kellis et al. (2007) operationally defined the preparatory phase as 100ms before
initial contact and the initial loading phase as 100ms after initial contact (Kellis &
Kouvelioti, 2007). The average time of initial contact for the subjects in this study post-
fatigue was 43 ms; therefore it seems probable that subjects displayed greater hip flexion
at initial contact due to the increased quadriceps activation. However, since we did not
record EMG data it is difficult to draw a clear conclusion on neuromuscular activation.

Although researchers have demonstrated an increase in maximum hip flexion due
to fatigue, the jump landing task may be a contributing factor for such outcomes.
Researchers who have reported increased hip flexion have utilized single leg landing
tasks for analysis (Coventry et al., 2006; Kellis & Kouvelioti, 2007; Kernozek et al.,
2008), whereas the current study examined a double leg landing for analysis. Single leg
landings utilize different ranges of motion at each joint to land successfully (Madigan &
Pidcoe, 2003) and cannot gain as much range of motion at each joint due to the support of

only one limb. Single leg landing tasks used in fatigue studies yield much smaller hip
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flexion angles in comparison to the current study both pre- and post-fatigue (Coventry et
al., 2006; Kellis & Kouvelioti, 2007; Kermnozek et al., 2008). Kernozek et al (2008)
reported maximum hip flexion pre-fatigue mean was 40.72 degrees and post-fatigue was
48.02 degrees, while the current study resulted in 78.55 degrees pre-fatigue and 78.89
degrees post-fatigue of maximum hip flexion. The double leg landing used in the current
study allowed subjects to gain greater maximum hip flexion pre-fatigue compared to the
single leg task. To accomplish maximum jump height, subjects may have reached
maximum hip flexion angles pre-fatigue. In accordance to McLean et al (2007}, no
significant increase in maximum hip flexion during a double leg box drop landing
following a lower extremity fatigue protocol was recorded (McLean et al., 2007).
Additionally, maximum hip flexion angles were approximately 16 degrees higher post-
fatigue in the current study than maximum hip flexion angles post-fatigue in the study by
McLean et al 2007. Therefore if subjects significantly increased hip flexion, their center
of gravity may have been placed beyond their base of support and caused an unbalanced
landing.

It can be theorized that different findings may have resulted post-fatigue if a
single leg landings was chosen for analysis, as comparisons of previous studies reveal
differences with different tasks. The double-leg landing was chosen as the task in the
current study, as it is a task that is used in ACL research in both fatigue and non-fatigue
jump landing studies. It also requires the subject to jump for vertical displacement
subsequent to landing, as nearly all single leg landings only require subjects to land
successfully with no subsequent jump. The double- leg landing requires greater exertion

from the subjects and better replicates a game situation in sports, as athletes often land
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with a task followed. For example, an athlete may land from a soccer header but then
immediately run in a given direction.

Similarly hip flexion at maximum knee flexion may not have significantly
increased due to task and the fatigue protocol. The task following the double leg landing
required the subjects to achieve a vertical jump, exerting maximum effort and power. As
double leg landings have been found to have the greatest joint moment and power around
the hip joint and the knee providing the greatest excursion (Decker et al., 2003; Zhang
SN et al., 2000), maximum joint angles may have been reached to acquire optimal energy
for the vertical jump pre-fatigue. A change in hip flexion at maximum knee flexion may
alter muscle recruitment to decrease performance during a jump landing (Blackburn &
Padua, 2008; Shimokochi, Yong Lee, Shultz, & Schmitz, 2009). Shimokochi et al (2009)
and Blackburn et al (2008) suggest leaning forward during a land, by moving the center
of pressure or gravity anteriorly, will decrease the demand of the quadriceps and increase
or maintain the contraction demand of the hamstrings (Blackburn & Padua, 2008;
Shimokochi et al., 2009). As hip flexion is in reference to the femur or joint center while
trunk flexion is in reference to the vertical, greater hip flexion may yield comparable
muscular demands. Although this is a protective landing strategy, subjects may not have
increased hip flexion in order to limit greater reliance on the fatigued hamstrings. Also at
the time instances of hip flexion at maximum knee flexion, the body is transitioning into
the positive phase of the task (Rodacki, Fowler, & Bennett, 2001) The positive phase of
the task begins once maximal knee joint flexion has been achieved and the body is
converting efforts of deceleration to acceleration in the vertical direction {Rodacki,

Fowler, & Bennett, 2002). At the time of maximum knee flexion, the body is preparing to
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propel for a vertical jump. Therefore an increase in hip flexion may decease the
contraction demand on the quadriceps, the musculature group that propels the body
during vertical jump (Rodacki et al., 2001). The reduced function of the hamstrings due
to fatigue may have essentially maximized the efficiency of the quadriceps to produce the
vertical jump (Padua et al., 2006), therefore not causing other compensatory movement
patterns in the kinetic chain.

Knee flexion angle findings are in contrast with those of other authors who found
significant differences between pre-fatigue and post-fatigue (Kellis & Kouvelioti, 2007;
Madigan & Pidcoe, 2003; Orishimo KF & Kremenic 1J, 2006), whereas the current study
found no significant difference. Researchers have suggested that fatigue causes an
increase in knee flexion to reduce ground reaction forces at impact and increase
absorption of forces that are placed on the body during landing (Coventry et al., 2006;
Kellis & Kouvelioti, 2007; Madigan & Pidcoe, 2003; Orishimo KF & Kremenic 1J,
2006). Kellis et al (2007) found an increase in maximum knee flexion and knee flexion at
initial contact after both independent hamstrings and quadriceps fatigues during a single
leg drop landing (Kellis & Kouvelioti, 2007). It was hypothesized that due to the similar
fatigue protocol used in the current study and that used by Kellis et al (2007), similar
results would be yielded. Although Fagenbaum et al (2003) and Wikstrom et al (2004)
also reported no significant differences in knee kinematics with fatigue during single leg
landings (Fagenbaum & Darling, 2003; Wikstrom EA et al., 2004). Therefore the actual
patterns of the knee joint angles following fatigue protocols can be difficult to compare
when evaluating different jump landing tasks and fatigue tasks. Our study supports

changes occurred in the proximal control of the jump-landing phase via increase in hip
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flexion, while knee flexion remained relatively unaltered due to isolated hamsiring
fatigue.

It may be argued that due to the quadriceps dominant strategy suggested in the
current study, subjects would display less knee flexion at initial contact, as the quadriceps
are knee extensors. Although given the subjects displayed low knee flexion angles pre-
fatigue, 22.25 degrees, it is likely that subjects could not land successfully with even
lower knee flexion angles. The subjects exhibited potentially at-risk knee flexion angles
at initial contact patterns during pre-fatigue analysis, a common biomechanical
mechanism theorized to increase risk of ACL injury when ranging from 20-25 degrees
(Boden et al., 2000). Decker et al (2003) suggested the onset of fatigue can place greater
risk of injury on individuals with erect position at initial contact (Decker et al., 2003).
Although post-fatigue knee flexion at initial contact increased to 23.15 degrees, it was not
significant and it is an erect landing with high risk association. It is also important to
remember the quadriceps are contracting eccentrically to slow down the lowering the
center of gravity, therefore the muscle is not shortening concentrically during the initial
contact of the jump landing. It should be noted though that all of the subjects were
female, most likely lending to lower knee flexion angles overall, nor did anyone have a
previous history of ACL injury or incur an ACL injury during this study. Thus, knee
flexion angle at initial contact patterns alone are most likely not the singular causative
factor in ACL injury and are not affected by isolated hamstring fatigue; however, they
may be affected by additional isolated lower extremity musculature fatigue (e.g., hip

abductors) or overall cardiovascular fatigue protocols.
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Knee valgus angles at initial contact and at peak knee flexion were predicted to
increase due to the onset of the fatigue. Yet, unlike other fatigue studies that caused
increases of knee valgus angles, the current study did not reveal any significant change in
knee valgus angles (Benjaminse et al., 2008; Borotikar et al., 2008; McLean et al., 2007).
During a similar task, McLean et al (2007) reported increased maximum knee valgus
angles during a 50cm double leg box drop with a subsequent vertical jump. Yet the
fatigue protocol utilized in the current study may have a direct impact on the knee valgus
angles in the current study. McLean et al (2007) utilized a lower extremity fatigue
protocol that consisted of step-ups and bounding drills, causing fatigue of the hamstrings
in conjunction with the quadriceps, gluteal musculature, hip flexors and lower leg
musculature. The fatigue protocol used in the current study only fatigued the hamstrings
musculature with no involvement of the other hip musculature. As current literature has
focused on the importance of the hip abductors in sagittal motion of the knee (Carcia CR
et al., 2005; Jacobs et al., 2007), significant increases of knee valgus may not have been
found due to the unaffected hip abductors. Jacobs et al (2007) attributes the weaker hip
abductors to the increased knee valgus angles in females during a forward hop (Jacobs et
al., 2007). Similarly, Carcia et al 2005 documented increased knee valgus angles
subsequent to an isometric fatigue on the hip abductor musculature (Carcia CR et al.,
2005).

Knee valgus at initial contact may not have significantly increased subsequent to
fatigue due to knee flexion angles. As the subjects displayed small knee flexion angles at
initial contact pre-fatigue and post-fatigue, the hamstrings may not have played a role

during either condition at initial contact. In order for the hamstrings to play a protective
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role on the ACL, knee flexion angles must be above 30 degrees of flexion (G. Liet al.,
1999; O'Connor, 1993). Therefore fatigue of the hamstrings may not have adversely
decreased stability in the sagittal plane at the knee, if the hamstrings were notin a
position to mechanically create a line of pull. Again, considering females naturally yield
small knee flexion angles (Chappell et al., 2007; Chappell et al., 2002; Decker et al.,
2003; Lephart SM et al., 2002; Malinzak et al., 2001; Salci Y et al., 2004; Yu B et al,,
2006), different results may have resulted if the subject population had greater knee
flexion angles. Subjects who have sustained neuromuscular or jump landing training to
increase knee flexion angles (Chimera et al., 2004; Hewett et al., 1996; Wilkerson et al.,
2004), thus increasing the recruitment of the hamstrings, significant differences may have
been yielded post-fatigue.

Compensatory strategies have been reported due to the onset of fatigue and in an
effort to accomplish a given task (Coventry et al., 2006; Kellis & Kouvelioti, 2007;
Madigan & Pidcoe, 2003; Padua et al., 2006). As previous studies have found, fatigue
responses may differ depending on musculature fatigued and the function it serves in the
jump landing task (Kellis & Kouvelioti, 2007; Rodacki et al., 2002). Lower extremity
fatigue protocols that utilize functional tasks, such as jumping, squats or step-ups, will
fatigue all muscles involved in the task. The musculature that is affected by the fatigue
protocol has been shown to re-distribute the work to other less fatigued musculature in
the lower extremity kinetic chain to accomplish the task. Coventry et al (2006)
documented a shift or redistribution of work toward greater dependence on the less
fatigued ankle musculature (Coventry et al., 2006). Similarly, Madigan et al (2003),

atiributed a distal to proximal redistribution of extensor moment production subsequent
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to plantar flexor fatigue during a 25cm single leg landing(Madigan & Pidcoe, 2003). The
redistribution of work or control of the body during landing may have been redistributed
to the proximal hip musculature (e.g., hip abductors or external rotators), as they play an
important role in knee control. The redistribution may have also been placed on the ankle
musculature. Decker et al (2002) found reduced hamstrings strength in ACL
reconstructed female athletes applied an adaptive landing strategy that utilized more
ankle work in landing and less reliance on the hip extensor musculature, or hamstrings
(Decker, Torry, Noonan, Riviere, & Sterett, 2002). Ankle kinematics were not chosen for
analysis as the knee and hip are more commonly areas of interest for ACL research,
although a recent shift in focus has been directed toward the ankle joint as insight into
ACL injury (Hewett, Torg, & Boden, 2009). Although ankle kinematics were not
measured in this study, the redistribution of muscular reliance should be considered as a
possibility and area for future research. Future isolation and combined protocols of the
various musculature and their effects on landing motion patterns should be investigated in
the effort of increasing ACL injury prevention program effectiveness.
Conclusion

In conclusion, hamstring fatigue showed a significant increase of hip flexion at
initial contact, but failed to show other altered kinematic movement patterns. We
theorized that female subjects displayed greater dependence upon musculature unaffected
by the hamstring fatigue protocol, thus displaying little difference between pre- and post-
fatigue. Also, subjects utilized joint motions pre-fatigue that have been shown to
mechanically limit the involvement of the hamstrings, therefore fatigue of only the

hamstring musculature may not have affected subjects’ natural landing. Future studies
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should include various subject populations with different natural landing patterns to
further understand the effects of hamstring fatigue on jump landing.

The resulis of the current study may also provide further insight into the need of
consistency among fatigue jump landing studies. It is important to analyze the effects of
fatigue to various muscles or muscle groups, as the body’s subsequent movement patterns
are likely to change. Similarly, different jump landing tasks are of interest to replicate
different demands seen in athletics. However some consistency must be maintained to
analyze and compare different fatigue jump landing studies, in order to draw any
predictable movement patterns that may lead us closer to preventing injury. With such
discrepancies among studies, even the operational definition of fatigue, it is difficult to
draw any predictable movement patterns that may lead us closer to preventing injury.
Limitations

The evaluation of isolated hamstrings fatigue protocols on lower extremity
kinematic patterns is quite limited in this study. The comparison of various other
kinematic features of the landing pattern (e.g., ankle position, trunk movement, and hip
internal rotation) and individual analyses to show significant differences by subject
would provide increased understanding on the effects of isolated hamstring fatigue on the
distal kinetic chain. The number of variables evaluated in this study was limited by the
data reduction time, and amount of information that could be provided in one research
project. The information to evaluate other kinematic and kinetic variables remains to be
analyzed, but the scope of this initial study report was to focus on a few of the most
important kinematic factors generally considered to be important to the biomechanical

causative mechanisms of ACL injury. Additionally, the current study did not collect
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EMG data during the jump landing task to evaluate muscular activation patterns relative
to the hamstring fatigue protocol. Future studies should include EMG information to
provide more insight into the neuromuscular responses of isolated hamstrings fatigue on
jump-landing motion. The maximum height jump subsequent to contact was also not
recorded, as a matter of convenience, to insure subjects reached maximum distance,
therefore future jump landing studies should utilize an objective tool to ensure maximum
height is reached and provide objective data of jump height. Perhaps the most important
limitation in evaluating the movement patterns relative to ACL injury are the lack of
ecological validity of the task and also the lack of injury occurrence during movement
pattern testing. None of the tasks currently evaluated in the biomechanical literature
actually replicate all of the ecological aspects of ACL injury (e.g., surface, decision-
making, opponent, et¢...). The box-drop task is a controlled task that reflects a jump-
landing motion pattern, but lacks ecological validity relative to an actual practice/game
condition. Future experimental designs and equipment should be developed to further
understand the actual movement patterns that occur in the field. Additionally, it must be
noted that the conditions utilized to evaluate potential at-risk movement patterns did not
result in actual ACL injury occurrence. Due to the unethical aspects of creating an
injurious situation, it should be noted most biomechanical studies of ACL at-risk
movement patierns are actually evaluated in individuals who have never injured their
ACL and never will. This is an unanswerable dilemma since researchers do not wish to
create an injury, but it also indicates that perhaps the movement tasks are not demanding
enough to truly impose at-risk movement patterns and/or the populations studied are not

actually at-risk for injuring their ACL’s. Prospective studies utilizing pre-participation
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screening processes in the most at-risk individuals (e.g., collegiate female soccer athletes)
and demanding movement tasks under various fatigue conditions should be instituted to
allow evaluation of individuals across a time history to track movement patterns

associated with ACL injury occurrence.
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Dear Prospective Study Participant,

We are conducting a study that examines the effects of instruction and
neuromuscular fatigue on jump landing kinematics on female recreational and
varsity collegiate athletes. The attached “informed consent” form describes the
study and asks for your permission to participate in the study.

After reviewing the attached information, please return a signed copy of the
“Informed Consent” form to Kristen Phillips, ATC or Jena Etnoyer, ATC. Keep the
additional copy of the form for you records.

If you have any questions pertaining to the attached form or to the research
study, please feel free to contact James Onate, PhD, ATC, Kristen Phillips, ATC
or Jena Etnoyer, ATC at the information listed below.

Thank you in advance for participating in this study.

Sincerely,

James A. Onate, PhD, ATC — Responsible Project Investigator
Director, ODU Sports Medicine Research

Laboratory

Old Dominion University

224 Spong Hall

Norfolk, VA 23509-0196

(O) 757-683-4351

Jonate@odu.edu

Jena Etnoyer, ATC Kristen Philips, ATC
Masters Student, Masters Student
Graduate Athletic Training Program Graduate Athletic Training
Old Dominion University Cld Dominion University
Norfolk, VA 23569-G196 Norfolk, VA 23508-0196
{C) 717-991-5585 {C) 540-446-3984

ietno001@odu.edu kphil015@odu.edu
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INFORMED CONSENT DOCUMENT
OLD DOMINION UNIVERSITY

PROJECT TITLE: Effect of Instruction and Neuromuscular Fatigue on Jump
Landing in Female Recreational and Collegiate Athletes

INTRODUCTION

The purposes of this form are to give you information that may affect your
decision whether to say YES or NO to participation in this research, and to record
the consent of those who say YES. The purpose of this project is to assess the
effect of instruction and neuromuscular fatigue on jump landing.

RESEARCHERS

James Onate, PhD, ATC
Director of Sports Medicine Research Laboratory, Old Dominion University,
ESPER Dept

Kristen Phillips, ATC
Masters Student, Graduate Athletic Training Program, Old Dominion University
ESPER Dept

Jena Etnoyer, ATC

Masters Student, Graduate Athletic Training Program, Old Dominion University
ESPER Dept

Bonnie Van Lunen, PhD, ATC
Director- Graduate Athletic Training Program and Doctorate in Human Movement
Science Program, Old Dominion University, ESPER Dept.

DESCRIPTION OF RESEARCH STUDY

Several studies have been conducted looking into the effect of instruction or
neuromuscular fatigue on jump landing to assess the risk of ACL. injury. However
none of these studies have determined the effect of jump landing feedback of
box-drop jump, running-stop jump, and side-step maneuver, or isolated
hamstring fatigue on double leg drop box landing.

This study will involve your participation in two testing sessions. The first session
will be followed by a second session two to three months later. Approximately a
total of 2.5 hours of your time will be required. Upon arriving in the Sports
Medicine Research Laboratory, your height, weight and body dimensions will be
measured. Following those measurements, you will complete a brief warm up on
a stationary bicycle and a self-directed stretch. After the brief warm up time you
will perform jump landing tasks, that include a box-drop jump, a running-stop
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jump and a sidestep maneuver, and a fatigue task of the hamstrings. The fatigue
task will only be utilized on the first session of testing.

e« Jump Landing (Box-drop Jump, Running-stop Jump, Side-step
Maneuver): These tasks involve using Vicon, which entails reflective
markers to be placed on various landmarks on the body. The cameras
around the laboratory track the reflective marks to analyze movement
during the tasks. Five test trials will be conducted for each test.

« Hamstring Fatigue: The Primus RS is used for this task to record the
torque (force) produced during each repetition of knee flexion of the
fatigue protocol. Continuous repetitions will be performed until hamstring
fatigue is achieved.

Approximately 90 subjects will be participating in this study.

EXCLUSIONARY CRITERIA

In order for you to participate in this study, you must be a healthy female
recreational or varsity collegiate athlete who exercises a minimum of three times
per week for a minimum of 20 minutes. You must not have had a lower extremity
injury in the past two months that limited you from activity for more than one day,
no current self-reported history of lower extremity instability, or history of any
lower extremity surgery within the past two years. You also have never had an
ACL injury or reconstructive surgery.

RISKS AND BENEFITS

RISKS: If you decide to participate in this study, then you may face a risk of
igament injury, muscle strains or delayed onset muscle soreness due to the
hamstring fatigue activity. The fatigue activity may decrease muscular control,
therefore affecting the body positioning during the landing activity and increasing
the risk of injury to ligaments of the knee. To reduce this risk, the fatigue protocol
and jump landing task are performed in a controlled lab environment without
external stimuli and are supervised by trained and practiced researchers. The
hamstring fatigue also requires full effort over a series of repetitions to elicit a
decrease in maximum peak toque, which increases the likelihood of a strained
muscle or delayed onset muscle soreness following the completion of the initial
testing session. The researchers try fo reduce these risks specificaily by aliowing
a 10 minute warm-up, consisting of a stationary bike ride and self-directed static
stretching, to assist in properly increasing the body temperature and elastic
properties of the hamstring musculature. There is also a possibility of slight
discomfort of the Velcro strap at the testing station. Also, as with any research,
there is some possibility that you may be subject to risks that have not yet been
identified.

BENEFITS: If you decide to participate in this study, you will receive points
equivalent fo one extra credit assignment if you are registered for any of the
designated ESPER Department courses. Equivalent points may be obtained in
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other ways. Another benefit to you for participating in this study is learning how
to properly position yourself during a jump-landing activity. The results of this
study may benefit others and expand the knowledge in the profession of athletic
training by drawing more precise and clearer conclusions on risk factors that
predispose female athletes to risk of ACL injury.

COSTS AND PAYMENTS
The researchers are unable to give you any payment for participating in this
study.

NEW INFORMATION
If the researchers find new information during this study that would reasonably
change your decision about participating, then they will give it to you.

CONFIDENTIALITY
All information obtained about you in this study is strictly confidential and will not
be released to anyone unless disclosure is required by law. The results of this
study may be used in reports, presentations and publications, but the researcher
will not identify you.

WITHDRAWAL PRIVILEGE

It is OK for you to say NO. Even if you say YES now, you are free to say NO
later, and walk away or withdraw from the study -- at any time. Your decision will
not affect your relationship with Old Dominion University, or otherwise cause a
loss of benefits to which you might otherwise be entitied. The researchers
reserve the right to withdraw your participation in this study, at any time, if they
observe potential problems with your continued participation.

COMPENSATION FOR ILLNESS AND INJURY

If you say YES, then your consent in this document does not waive any of your
legal rights. However, in the event of harm arising from this study, neither Old
Dominion University nor the researchers are able to give you any money,
insurance coverage, free medical care, or any other compensation for such
injury. In the event that you suffer injury as a result of participation in any
research project, you may contact Dr. James A. Onate, ODU Sports Medicine
Research Laboratory at 757-683-4351 or Dr. George Maihafer the current IRB
chair at 757-683-4520 at Old Dominion University, who will be glad to review the
matter with you.

VOLUNTARY CONSENT

By signing this form, you are saying several things. You are saying that you
have read this form or have had it read to you, that you are satisfied that you
understand this form, the research study, and its risks and benefits. The
researchers should have answered any guestions you may have had about the
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research. If you have any questions later on, then the researchers should be
able to answer them: Dr. James A. Onate, ODU Sports Medicine Research
Laboratory at 757-683-4351

If at any time you feel pressured to participate, or if you have any questions
about your rights or this form, then you should call Dr. George Maihafer, the
current IRB chair, at 757-683-4520, or the Old Dominion University Office of
Research, at 757-683-3460.

And importantly, by signing below, you are telling the researcher YES, that you
agree to participate in this study. The researcher should give you a copy of this
form for your records.

Subject's Printed Name & Signature } Date l

INVESTIGATOR'S STATEMENT

| certify that | have explained to this subject the nature and purpose of this
research, including benefits, risks, costs, and any experimental procedures. |
have described the rights and protections afforded to human subjects and have
done nothing to pressure, coerce, or falsely entice this subject into participating.
| am aware of my obligations under state and federal laws, and promise
compliance. | have answered the subject's questions and have encouraged
him/her to ask additional questions at any time during the course of this study. |
have witnessed the above signature(s} on this consent form.

Investigator's Printed Name & Signature Date
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APPENDIX B

PARTICIPATION QUESTIONNAIRE
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Subject #
Pre-Screening Questionnaire
Name: Date:
Age:
Ethnicity:
Varsity Athlete? YES NO
What leg would you kick a ball with? LEFT RIGHT

How many times do you engage in exercise per week?

On average, how long do you exercise per session?

Do you have any lower extremity instability (ankle or knee give way frequently)?

YES NO
Have you had an injury to the lower extremity in the past 2 months? YES NO
If yes, did this injury limit you from activity for more than one day?  YES NO
Have you had any lower extremity surgeries within the past 2 years? YES NO
Do you have any history of ACL injury or reconstructive surgery?  YES NO

Have you had any previous jump-landing technique training? YES NO
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FATIGUE FORM

Subject ID Date

Dominate Leg: L R
Positioning Check Off:

___ Axis match-up with knee jt line
__ Leg pad placed lower shaft of leg
____Velcro straps tightened

____ Arms crossed

Lever Length: em
FATIGUE
Max Torque (MT):

Subject Fatigued: (MT) x .7 =
* 3 consecutive reps*

Torque of last 3 reps: Time of Fatigue
Time of Rest
Time of Jumps

Total Number of Reps:

Explanation of Fatigue:

We are now going to induce fatigue on your hamstring. The starting position will
be with your knee straight. The machine will then move back to allow your knee to bend
and you pull your heel back with the machine. Once the machine starts to move in the
other direction, I want to really resist it by trying to keep your knee bent. When the
machine forces your leg straight to the starting position you can relax, and that will
complete one repetition.

We will do three practice reps to allow you to feel comfortable.
Now we are doing 5 individual reps for test to establish your maximum strength.
Now you will do continuous individual reps as we just tested until I tell you to stop. Once

I tell you we are done, we will unstrap you and you will immediately go to the next room
and assume the starting position with one foot in each force plate. Are you ready?



#
Subject
Reps of Fatigue
1 M 81 121 161
2 42 82 122 162
3 43 83 123 163
4 44 84 124 164
5 45 85 125 165
6 46 86 126 166
7 47 87 127 167
8 48 88 128 168
9 49 89 129 169
10 50 90 130 170
11 51 81 131 171
12 52 g2 132 172
13 53 93 133 173
14 54 94 134 174
15 55 95 135 175
16 56 96 136 176
17 57 97 137 177
18 58 98 138 178
18 59 89 139 179
20 60 100 140 180
21 61 101 141 181
22 62 102 142 182
23 63 103 143 183
24 64 104 144 184
25 65 105 145 185
26 66 106 148 186
27 67 107 147 187
28 68 108 148 188
29 69 109 149 189
30 70 110 150 190
31 71 111 151 191
32 72 112 152 192
33 73 113 153 193
34 74 114 154 194
35 75 115 155 195
36 76 118 166 196
37 77 117 157 197
a8 78 118 158 198
39 79 119 159 199
40 80 120 160 200

| Mean
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APPENDIX D

NORMATIVE DATA OF FATIGUE JUMP LANDING STUDIES



Peak Proximal Anterior Tibial Translation

Pre-
Fatigue
eSS 0.24
Galzo0s 92
Caiooy  605(1.46)

Post-
Fatigue

0.29

76(.15)

6.06(1.23)

Knee Flexion at Initial Contact

Pre-

Fatigue
Coas00s 13669
cralzoes 828
iff 2:52007 10.62(2.58)
:te 2:52007 9.75(2.29)
e o 15.9(1.7)
gta;igggs 8.5(5.1)
L CE

Maximum Knee Flexion

Pre-

Fatigue
Kellis
etaloo7 4717047
Kellis
et al 2007 66.9(18.7)
Madigan
et al 2003 42.6(7.1)
Orishimo
et al 2006 66.9 (18.7)
Borotikar
et al 2008 14.4(4.3)
Borotikar
et al 2008 13.4(3.2)
Coventry
et al 2006 54.6(10.9)
Gehring
et al 2009 15.9(1.7)

Post-
Fatigue
11.5(5.8)
-14.6(5.2)

18.5(4.09)

15(3.74)

16.5(1.5)

10.1(6.2)

21.9(6.7)

Post-
Fatigue

57.84{11.68)

80.9(19)

49.3(9.7)

£0.9(19)

12.5(3.6}

12.6(4.8)

54.3(9.9)

16.5(1.5)

Task

Forward, vertical,
backward jump

50cm single leg land

KT2000 supine, 20
knee flexion

Task
Single leg stop jump

Single leg counter
mevement jump

30 ¢m single leg fand

30 cm single leg land

52cm bilateral land

25cm singe leg land

Single leg forward hop

Task

30 ¢m single leg land

30 om single leg land

25em singe leg land

Single leg forward hop

Dominant leg
anticipated forward
single land

Bominant leg
unanticipated forward
single land

Single leg counter
movement jump

52c¢m bilateral land

Fatigue
Protocol

30m Sprint, 5
Vertical Jumps

Squat, 60%RM

Quadriceps &
Hamstring fatigue

Fatigue
Protocol

Running

Single leg land,
CM.J, 5 squats

Quadriceps

Hamstrings

Leg press with
50%rm

25cm single leg
land, single squat

30cm Step-ups

Fatigue
Protocol

Hamstrings

Quadriceps

25cm single leg
land, single squat

30cm Step-ups

Squats between
jurmps

Squats between
jumps

Single leg land,
CMJ, B squats

Leg press with
50%rm

Fatigue

Failure

Failure

25%
reduction

Fatigue
HR, PRE

Failure,
RPM

30%
reguction

30%
reduction

Failure

Failure

B0%
distance

Fatigue

30%
reduction

30%
reduction

Failure

80%
distance

Failure

Failure

Failure,
RPM

Failure
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Sig
p<.05

p<.05

p<.05

Sig
p<.05
p<.05
p<.05

p<.05

p>.05

p=.05

p>.05

Sig
p<.05

p<.05

p>.05

p<.05

p>.05

p>.05

p>.05

p>.05



Knee Valgus at Initial Contact
(+) varus, (-} valgus

Gehring
et al 2009

McLean
et al 2007

Pre-
Fatigue

3.1(1.1)

2(4.3)

Maximum Knee Valgus
(+} varus, (-) valgus

Benjaminse
et al 2008

Borotikar
et al 2008

Borotikar
et al 2008

McLean
et al 2007

MclLean
et al 2007

Gehring
et al 2009

Kernozek
et al 2008

Pre-
Fatigue

-3.5(3.7)
-3.5(3.2)
-3.9(2.8)
3.4(4.4)

-4.5(4.4)

-43)

-3.86(4.37)

Post-
Fatigue

3.5(1.1)

A(3.7)

Post-
Faigue

-2.7(3.5)
-4.3(3.1)
-7.5(3.8)
-10.2(5)

-12.3(4)

4.3(3.1)

-3.91(4.63)

Task

52cm bilateral land

50cm bilateral land

Task

Single leg stop jump

Dominant leg anticipated

forward single land

Dominant leg unanticipated

forward single land

50cm bilateral land,
dominate

50cm bilateral land, non-

dominate

52¢m bilateral land

50cm single leg land,
female

Fatigue Protocol

L.eg press with 50%m

Step-downs,
bounding

Fatigue Protocol

Running
Squats between
jumps

Squats between
jumps

Step-downs,
bounding

Step-downs,
bounding

Leg press with 50%rmm

Squat 60%RM

Fatigue

Failure

4min,
HR

Fatigue

HR,
PRE

Failure

Failure

4amin,
HR

4min,
HR

Failure

Failure
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Sig
p>.05

p>.05

Sig
p<.05
p<.05
p<.05
p<.05

p<.05

p=>.05

p>.05



Hip Flexion at Initial Contact

Pre-

Fatigue
Coventry
etalzoos 0G5
Madigan
etalzoos 0468
McLean
etal2007 50353

Maximum Hip Flexion

Pre-
Fatigue
omsoos  %1®
oraioos 25824
gt():f g(t)rgs 32.5(13.2)
;e 2:52007 32(7.97)
Saio00s 4072057
gte !:52007 33.29(5.93)
ﬂiﬂ‘%ﬁgs 29(11.3)
'é'l";ezaé’ov 62.7(13.1)

Post-
Fatigue

4.3(5.6)

207

32(3.9)

Post-
Fatigue
27.2(2.4)
21.9(2.6)
43.7(19.7)

40.91(5.83)

48.02(14.44)

34.93(9.56)

32.9(16.2)

64.1(13.5)

Task

Single leg counter
movement jump

25cm singe leg land

50cm hilateral land,
dominate

Task

Dominant leg anticipated
forward single land

Dominant leg unanticipated
forward single land

Single leg counter
movement jump

30 cm single leg land

50cm single Yeg land,
fermale

30 om single leg land

25cm singe leg land

50cm bilateral land,
dominate

Fatigue
Protocol Fatigue
Single leg land, Failure,
CMJ, 5 squats RPM
25¢cm single leg
land, single Failure
squat
Step-downs, ,
bounding 4min, HR
Fatigue
Protocol Fatigue
Squats between .
jumps Failure
Squats between )
jumps Failure
Single leg land, Failure,
CMJ, 5 squats RPM
. 30%
Quadriceps reduction
Squat 60%RM Failure
. 30%
Hamstrings reduction
25¢m single leg
land, single Failure
squat
Step-downs, amin, HR

bounding
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Sig

p<.05

p>.05

p=.05

Sig

p<.05

p<.05

p<.05

p<.05

p<.05

p=.05

p>.05

p=>.05
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