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ABSTRACT 

Lower extremity injury during dynamic physical activity is a significant problem 

in society. Fatigue is a major risk for injury that alters muscle shock absorbing capacity 

and coordination of the locomotor system. A volitional preemptive abdominal contraction 

(VPAC) is commonly used to improve lumbar spine stabilization and reduce pelvic 

motion in individuals who have spine dysfunction, but little is known about the ability of 

VPAC to reduce the effects of fatigue. The purpose of this study was to determine 

whether volitional spine stabilization strategies modulate the effects of lower extremity 

fatigue on lower extremity and trunk mechanics, as well as neuromuscular control during 

landing in people with and without recurrent low back pain (LBP).  To accomplish this 

purpose, two studies were conducted. The first study used correlation to explore the 

interrelationships among kinematic, kinetic and electromyographic (EMG) variables in 

order to determine a parsimonious subset of dependent variables that explain the greatest 

amount of unique variance, and regression to predict kinetic variable values from 

representative kinematic variables during 0.30 m drop vertical jump (DVJ) landing in 

healthy subjects. The second study used a 2x2x2 design to examine differences in 

selected kinematic, kinetic and EMG variables between healthy and LBP subjects with 

and without VPAC and lower extremity fatigue during 0.30 m DVJ landing. Seven of 49 

variables were found to explain unique variance using correlation: maximum knee angle 

in the sagittal plane, maximum pelvic angle in the frontal plane, pelvic angle in the 

sagittal plane at initial contact, lower lumbar angle in the sagittal plane angle at initial 

contact, maximum knee flexion moment in the sagittal plane, maximum vertical GRF, 

and semitendinosus onset. Stepwise regression predicted maximum vertical GRF 
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(R
2
=0.42; p=0.001) and maximum knee moment in the sagittal plane (R

2
=0.50; p=0.001).   

Volitional preemptive abdominal contraction and fatigue altered landing mechanics in the 

healthy and LBP subject groups and there were differences between groups. 

Semitendinosus onset exhibited a significant (p=0.001) three-way interaction effect 

between subject groups, and the VPAC and fatigue conditions. Maximum pelvic 

obliquity angle exhibited a significant (p=0.045) two-way interaction effect between 

VPAC and fatigue conditions. Our results provide evidence that a VPAC strategy that is 

performed during a fatigued landing decreases exposure to biomechanical factors that 

may contribute to lower extremity injury. Incorporating VPAC during stressful activities, 

with and without the presence of fatigue, appears to improve sensorimotor control and 

facilitate positioning of the lower extremity, while protecting the lumbar spine.  

Clinicians can use this information when designing neuromuscular control training 

programs for people who have recurrent LBP to improve lower extremity control, spine 

stability, and potentially decrease injury risk. 
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CHAPTER I 

INTRODUCTION 

Statement of the Problem 

Lower extremity injury and low back pain pervade everyday life. Along with 

injury comes the unavoidable physical, emotional, and economic costs, along with lost 

time and normal function .  More than 50% of all collegiate sport injuries were sustained 

in the lower extremity. Ankle ligament sprains were the most common, accounting for 

15% of reported injuries. Anterior cruciate ligament (ACL) injuries constituted  2.6% of 

reported injuries (Hootman, Dick, & Agel, 2007). The ACL is the most commonly 

injured knee ligament. There are between 100,000 and 200,000 ACL ruptures per year, 

with an annual incidence in the general population of approximately 1 in 3500 in the US 

(Gordon & Steiner, 2004). Additionally, hamstring muscle injuries occur frequently 

among recreational and elite athletes. Prevalence ranges from 8 to 25 percent, depending 

upon the sport (Heiderscheit, Sherry, Silder, Chumanov, & Thelen, 2010). 

Low back pain (LBP) and its association with altered functional ability can 

significantly influence an individual's quality of life and will affect between 60-80% of 

the population (Indahl, Velund, & Reikeraas, 1995). Low back pain is a significant 

predictor of knee injury and impaired lower extremity control. Additionally, decreased 

lumbar spine neuromuscular control influences dynamic stabilization of the knee joint 

and may increase lower extremity injury risk . Additionally, fatigue serves as a major risk 

for lower extremity injury that alters muscle shock absorbing capacity and coordination 

of the locomotor system (James, Scheuermann, & Smith, 2010). Abdominal muscle 
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activation influences lower extremity motion control and potentially reduces the risk of 

lower extremity injury (Haddas, Hooper, James, & Sizer, 2012; Hooper, Haddas, Sizer, & 

James, 2012).  

Background and Theory  

Injury is one of the most serious public health problems across the nation. Lower 

extremity injury is very common among collegiate athletes. Ankle sprains, anterior 

cruciate ligament injuries, and hamstring muscle strains are the most common injuries 

(Hootman, Dick, & Agel, 2007; Heiderscheit, Sherry, Silder, Chumanov, & Thelen, 

2010). By studying the epidemiology of injury, those engaged in sports medicine may be 

able to initiate changes in current patterns of preparation and competition with the aim of 

preventing or reducing the disabilities caused by sport and exercise (Whiting & Zernicke, 

2008). Biomechanical analysis of movements related to injury may reveal information 

that could lead to modification of equipment, alteration of training or preparation 

practices, and increased performance based on biomechanical, morphological, and 

environmental constraints.  

Failure of the abdominal and lumbar musculature to provide adequate support to 

the lumbar spine during loaded positions and movements is considered a contributing 

factor to the persistence of low back pain (LBP) and dysfunction. Biomechanics research 

suggests that people with recurrent LBP lack preparatory spinal stabilizing contractions 

(Richardson, Hodges, & Hides, 2004b). Individuals with LBP demonstrate impaired 

postural control, delayed muscle reflex latencies, and abnormalities in trunk muscle 

recruitment patterns. Additionally, decreased neuromuscular control of the spine appears 
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to influence dynamic stabilization of the knee joint and increases lower extremity injury 

risk. Low back pain is a significant predictor of knee injury and impaired lower extremity 

control. (Zazulak et al., 2007).  

Spine stabilization can be defined as a synergy between spine stiffness and spine 

sensorimotor control.  Spine instability results from buckling of the spine during trunk 

compressive force (Richardson et al., 2004b). A volitional preemptive abdominal 

contraction (VPAC) is commonly used to improve lumbar spine stabilization and reduce 

pelvic motion in individuals with spine dysfunction. A commonly used VPAC strategy is 

the abdominal bracing maneuver, which produces a global trunk muscle contraction 

(McGill, 2007). The VPAC has been investigated during landing maneuvers, with 

conflicting results regarding lower extremity control and the ability to reduce lower 

extremity injury risk when landing from different heights (Haddas et al., 2012; Hooper et 

al., 2012). Recruitment of the trunk muscles is necessary during landing in order to 

control momentum of the trunk and increase intra-abdominal pressure, which can 

improve spine stabilization (Iida, Kanehisa, Inaba, & Nakazawa, 2011). 

Fatigue originates from combined physiological mechanisms occurring at the 

central and peripheral levels (Cairns, Knicker, Thompson, & Sjogaard, 2005). Fatigue 

can affect neuromuscular input pathways, commonly observed as proprioceptive 

alterations (Miura, Ishibashi, Tsuda, Okamura, Otsuka, & Toh, 2004b), as well as 

neuromuscular output pathways, as evidenced through a delay in muscle response 

(James, Dufek, & Bates, 2006; Nyland, Caborn, Shapiro, & Johnson, 1997; Nyland, 

Shapiro, Caborn, Nitz, & Malone, 1997). Fatigue may cause a reduction in maximum 
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voluntary muscle force and work capacity, altered movement control, and delayed muscle 

reaction time during the performance of dynamic maneuvers (Gandevia, 2001; Miura et 

al., 2004b; Zhou, Carey, Snow, Lawson, & Morrison, 1998b). Muscle fatigue has been 

linked to a variety of lower extremity injuries (Arndt, Ekenman, Westblad, & Lundberg, 

2002).  Muscle fatigue has been found to moderate lower limb muscle activation patterns 

during landing via altering muscle burst onset, duration, and intensity, as well as the 

ability of the lower limb muscles to absorb repetitive shock or stress (Arendt-Nielsen & 

Sinkjaer, 1991; Edwards, Steele, & McGhee, 2010; Hortobagyi, Lambert, & Kroll, 1991). 

Need for the Study 

The effects of spine stabilization on people who have recurrent low back pain are 

well defined. Recurrent LBP has been established in the literature as a significant 

predictor of lower extremity injury. Additionally, the effects of fatigue on dynamic 

maneuvers are well documented. However, there is limited literature on whether spine 

stabilization strategies can diminish the effects of lower extremity fatigue on lower 

extremity control and decrease the risk of lower extremity injury during landing in people 

who have low back pain. Finding that spine stabilization strategies can reduce the effect 

of lower extremity fatigue during landing in people with recurrent LBP may help reduce 

lower extremity injury risk.   

Purpose 

The purpose of this study was to determine whether volitional spine stabilization 

strategies modulate the effects of lower extremity fatigue on lower extremity and trunk 
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mechanics, as well as neuromuscular control during landing in people with and without 

recurrent low back pain.   

Research Questions 

1. What are the relationships among mechanical and neuromuscular control 

variables in healthy individuals during landing?  

2.  What are the effects of volitional preemptive abdominal contraction and lower 

extremity fatigue on mechanical and neuromuscular control variables during 

landing in individuals who have recurrent LBP compared to healthy 

(asymptomatic) individuals? 

Hypotheses 

1. Research Question 1 was examined using an exploratory design and therefore no 

hypothesis was presented. 

2. Research Question 2 was investigated by testing the following hypotheses: 

a. Lower extremity fatigue would decrease lower extremity and spine 

control. 

b. Volitional spine stabilization will increase lower extremity control.  

c. Volitional spine stabilization will minimize the effect of lower extremity 

fatigue on lower extremity control changes during landing.  

d. People who have recurrent low back pain will respond differently to lower 

extremity fatigue, volitional spine stabilization and their interaction with 

less spine and lower extremity control. 
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CHAPTER II 

REVIEW OF LITERATURE 

Lower extremity injury during dynamic physical activity is a significant problem 

in society (Lin et al., 2011; Whiting & Zernicke, 2008). The effects of spine stabilization 

on people who have recurrent low back pain (LBP) and the effects of fatigue on dynamic 

maneuvers are well documented (Zazulak et al., 2007). However, there is limited 

information on whether spine stabilization strategies can diminish the effects of lower 

extremity fatigue on lower extremity control during landing in people who have low back 

pain. The purpose of this study was to determine whether volitional spine stabilization 

strategies can reduce the effects of lower extremity fatigue on lower extremity and trunk 

mechanics and neuromuscular control during landing in people who have recurrent low 

back pain.   

The purpose of this chapter is to provide a comprehensive review of the literature 

necessary to establish the current state of knowledge about: (1) lower extremity control 

and mechanics of injury; (2) etiology and functional limitations caused by recurrent low 

back pain; (3) neuromechanical factors involved in spine stabilization; (4) spine 

kinematics models; (5)   landing mechanics; (6)   fatigue as an injury risk factor; and (7) 

effect of fatigue on landing mechanics.  

Lower Extremity Injuries and Control 

Lower extremity injury pervades everyday life. Along with injury comes the 

unavoidable physical, emotional and economic costs, lost time and normal function 

(Whiting & Zernicke, 2008). The annual cost of injury in the United States was $693.5 
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billion in 2009. Additionally, lost quality of life from these injuries was valued at an 

additional $3,421.3 billion, making the comprehensive cost $4,114.8 billion in 2009 (Lin, 

Kolosh, & Fearn, 2011). Clearly, injury is one of the most serious public health problems 

across the nation. Anterior cruciate ligament (ACL) injuries for instance, create 

substantial financial impact with costs related to orthopaedic care and rehabilitation in the 

United State reaching approximately $850 million each year (Griffin, Agel, & Albohm, 

2000). 

Injuries fall into one of two categories: acute and chronic injury. Firstly, there are 

single event injuries resulting from a well-recognized traumatic incident, such as a 

football tackle or a twisted ankle resulting from landing on an uneven surface. In such 

events the cause-effect relationship is usually clear and easy to recognize. However, 

chronic injuries are relatively difficult to analyze because all the forces involved are 

below the single event injury threshold, and also the repetitive damaging forces must be 

analyzed over the total period of the movement. One way to narrow the search for 

chronic injury mechanisms is to initially examine the injury statistics, the nature of the 

injury, and exact location of each chronic injury. With this retrospective information  

investigators can focus the biomechanical analyses on specific tissues and gain more 

information about when during the movement cycle the tissue undergoes maximum stress 

(Winter & Bishop, 1992). By studying the epidemiology of both traumatic and overuse 

injury, those engaged in sports medicine may be able to initiate changes in current 

patterns of preparation and competition with the aim of preventing or reducing the 

disabilities caused by sport and exercise. Biomechanical analysis may reveal information 

which could lead to rule changes, modification of equipment, alteration of training or 
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preparation practices as well as increased performance based on biomechanical, 

morphological, and environmental constraints (Taunton, McKenzie, & Clement, 1988; 

Whiting & Zernicke, 2008). 

  Lower extremity motion is involved in most athletic movements and in the many 

sub-tasks associated with the major goal of specific athletic events. These sub-tasks can 

be generalized as follows: (1) shock absorption and control of vertical collapse during 

any weight acceptance phase including muscle eccentric contraction; (2) balance and 

posture control of the upper body to maintain dynamic posture or static equilibrium; (3) 

energy generation associated with forward and upward propulsion in which the muscle 

undergoes concentric contraction; and (4) control of direction changes of the center of 

mass of the body maintaining dynamic posture. A muscle or muscle group can be 

simultaneously involved in more than one of these sub-tasks (Winter & Bishop, 1992). 

Ankle sprains are the most common acute injuries in basketball with the inciting 

event being landing on an opponent’s foot or changing direction. Acute knee injuries 

account for the highest level of inactivity post injury and, therefore, should be prevented. 

Anterior knee pain is the most common overuse injury (Cumps, Verhagen, & Meeusen, 

2007). Stress fracture is another common overuse injury and is relatively common in 

athletes, particularly in long-distance runners. Early recognition and treatment of stress 

fractures can reduce athletic morbidity and allow timely return to high-level activity 

(Liong & Whitehouse, 2012). Some of the highest injury rates are found in women and in 

lower level (less trained) athletes (Cumps et al., 2007). 
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Accurate identification of the mechanisms of injury is important for appropriate 

conditioning, treatment, and rehabilitation. Mechanisms establish cause and effect 

relationships. Injury can be classified by mechanism: contact, dynamic overload, overuse, 

structural vulnerability, inflexibility, impact, rapid growth, crushing deformation, 

impulsive impact, skeletal acceleration, energy absorption. Loading characteristics 

include magnitude, location, direction, duration, frequency, variability, and rate. Level of 

dysfunction can be classified as mild, moderate, and severe. Contributory factors can be 

identified based on the biomechanical, morphological, and environmental constraints 

such as age, sex, genetics, physical condition, nutrition, psychological status, fatigue, 

environment, equipment, previous injury, inadequate rehabilitation, anthropometric 

variability, skill level, experience, and pain (Whiting & Zernicke, 2008). 

An injury to a joint results in changes to the function of surrounding muscles. In 

the case of an ACL rupture, the most likely muscles to be affected are the quadriceps, 

hamstrings and gastrocnemius given their function and proximity to the knee joint. 

Selected muscle changes may occur in response to the injury, however others may arise 

to compensate for a loss of joint stabilization (Klyne, Keays, Bullock-Saxton, & 

Newcombe, 2012). Muscles function as a source of proprioceptive feedback that act 

synergistically in order to maintain equilibrium. The medial gastrocnemius, as an 

example, is an important knee stabilizer in people with anterior cruciate ligament 

deficiency, exhibits a prolonged activation in injured subjects. Furthermore, prolonged 

medial gastrocnemius activation prior to knee bend was positively related to increased 

anterior-posterior knee joint laxity (Klyne et al., 2012). 
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The anterior cruciate ligament injury incidence rate is 1:3,000 in United State and 

is sport and gender specific. The anterior cruciate ligament restrains anterior tibial 

translation and internal tibial rotation (Whiting & Zernicke, 2008). The ACL’s 

complexity makes it extremely difficult to uniformly load all ligament fibers (antero-

medial and postero-lateral) uniformly (Bucholz, Heckman, & Court-Brown, 2006). 

Anterior cruciate ligament injury occurs most often in response to valgus loading in 

combination with external tibial rotation or to hyperextension with internal tibial rotation. 

There are four major mechanisms of ACL injuries: (1) foot is planted on the ground, the 

tibia is externally rotated, the knee is near full extension, and the knee collapse into 

valgus as known as noncontact injury; (2) knee hyperextension with internal rotation 

which is common in basketball and volleyball;  (3) anterior drawer mechanism that is 

common in skiing during a backward fall when the tibia translates anterior relative to the 

femur;  and (4) phantom foot, which is common in skiing, when the lever formed by the 

rear section of the ski   effectively forms another “foot” in the posterior direction, causing 

the flexed knee into tibial rotation (Whiting & Zernicke, 2008). Investigators reported 

that the majority of ACL injuries occur during the initial phase of landing when the knee 

is flexed less than 40° (Boden, Dean, & Feagin, 2000; Olsen, Myklebust, & Engebretsen, 

2004). Additional evidence suggesting that the initial phase of landing (less than 40° of 

knee flexion) represents the most unprotected range for ACL tears is consistently 

reported in cadaveric (Kanamori, Woo, & Ma, 2000; Markolf, O'Neil, & Jackson, 2004), 

“in vivo,”(Heijne, Fleming, & Renstrom, 2004; Pedowitz, O'Connor, & Akeson, 2003) 

and computer simulation (Pandy & Shelburne, 1997; Pflum, Shelburne, & Torry, 2004) 

studies of ACL strain or force. 
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Stress fractures are most often associated with a sudden increase in activity 

(Whiting & Zernicke, 2008). In stress fracture the bone responds to repetitive loading by 

adapting its structure according to Wolff’s law. Stress fracture location depends on the 

type of activity (Whiting & Zernicke, 2008). The etiology of stress fracture is 

multifactorial and involves a complex interaction of morphological and biomechanical 

processes that occur as a result of repetitive submaximal loading (Grimston & Zernicke, 

1993; James et al., 2006). The mechanical demands of specific movements appear to play 

a prominent role in determining the fracture site. Related to runners, abnormal anatomical 

structure, poor flexibility, muscle strength, running mechanics, training program and 

footwear can contribute to the development of stress fracture. Runners, basketball 

players, volleyball players, and dancers are the most common victims of tibial stress 

fracture (Whiting & Zernicke, 2008).  The most common site of tibial stress fractures are 

the middle and distal  one-third of the tibia, proximal tibia, and midshaft of the tibia in 

runners, basketball/volleyball players and dancers, respectively (Whiting & Zernicke, 

2008).   

Repetitive loading initiates a bone adaptation (remodeling) response. When the 

rate of adaptation is surpassed by the frequency of the loading stimulus, weakened tissue 

is exposed to additional loading cycles, which result in a stress fracture. In this process, 

greater load magnitudes require fewer repetitions to produce a tissue failure, which 

accelerate the time to the injury (Nordin & Frankel, 2002). James et al. (James et al., 

2006) presented a stress fracture model. In their model, where bone strength is described 

as a function of bone geometry and tissue composition that are both a function of 

remodeling. Bone load at a specific site is determined by the magnitude, rate, direction, 
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and point of application of forces that are created external to the bone but that exert force 

on it, such as muscle contraction and ground reaction force (GRF). 

Acute hamstring injury is common in the athletic population. A professional 

athlete with a hamstring injury cannot return to play for an average of 14–27 days 

(Reurink, Goudswaard, Tol, Verhaar, Adam Weir, & Moen, 2012). The extensibility of 

the hamstring is manipulated regularly through methods such as active warm up and 

stretching to increase flexibility, with the objective of preventing injury (Hammonds, 

Laudner, McCaw, & McLoda, 2012). Hamstring muscles that are excessively tight are at 

a disadvantage in absorbing energy (Faulkner, 2003). Increasing flexibility in such cases 

theoretically would enable greater force to be absorbed when lengthening, making more 

potential energy available to produce force during shortening (Faulkner, 2003).  

Lower quarter neuromuscular control is likely compromised in people with ACL 

injury, where the co-contraction between hamstring and quadriceps muscles is altered and 

dynamic joint stabilization is reduced (Ebben, Fauth, Petushek, Garceau, Hsu, & Lutsch, 

2010; Myer, Ford, & Hewett, 2005; Nagano, Ida, Akai, & Fukubayashi, 2007; Padua, 

Carcia, Arnold, & Granata, 2005; Sell, Ferris, Abt, Tsai, Myers, & Fu, 2007). Reduced 

tibial shear protection from the hamstrings (Li, Rudy, Sakane, Kanamori, Ma, & Woo, 

1999a; More, Karras, Neiman, Fritschy, Woo, & Daniel, 1993) is accompanied by 

increased quadriceps activation, resulting in tibiofemoral joint compression and increased 

tibial anterior displacement and ACL strain (DeMorat, Weinhold, Blackburn, Chudik, & 

Garrett, 2004; Li et al., 1999a; Withrow, Huston, Wojtys, & Ashton-Miller, 2006).  

Conversely, hamstring muscle activity stabilizes the tibia and decreases anterior shear. 
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Hip and trunk muscle activation influences knee motion control (Hammill, Beazell, & 

Hart, 2008; Hewett & Myer, 2011; Willson, Dougherty, Ireland, & Davis, 2005; Zazulak, 

Cholewicki, & Reeves, 2008). Weakness and poor control of the hip abductors and 

external rotators reduce pelvic stabilization leading to excessive dynamic knee valgus 

(Imwalle, Myer, Ford, & Hewett, 2009; Powers, 2010). Therefore, controlling pelvic 

stabilization may influence knee control parameter outcomes. 

Recurrent Low back Pain 

Low back pain and its association with altered functional ability can significantly 

affect an individual's quality of life (Nickel, Egle, Eysel, Rompe, Zollner, & Hoffmann, 

2001) and will affect between 60-80% of the population (Indahl et al., 1995). Although 

most LBP episodes subside in 2-3 months (Indahl et al., 1995), recurrence may be as high 

as 85% percent (Hides, Jull, & Richardson, 2001a; Wahlgren et al., 1997). Unpredictable 

trunk loading is a common injury mechanism in LBP (MacDonald, Moseley, & Hodges, 

2010; Molumphy, Unger, & Jensen, 1985). Low back pain is considered the plague of 

middle-age, but it can begin its manifestation in younger individuals (McBride, Begg, 

Herbison, & Buckingham, 2004). Much attention has been given to the concept of spinal 

stabilization (Richardson, Hodges, & Hides, 2004a; Saal, 1990; Saal & Saal, 1989). 

Spinal stabilization theory views the abdominal and lumbar musculature as a corset of 

sorts, which provides dynamic support to the lumbar spine (Richardson et al., 2004a). 

Failure of the abdominal and lumbar musculature to provide adequate support to the 

lumbar spine during movement and loading is considered a contributing factor to the 

persistence of LBP and dysfunction. Advocates of this approach utilize global 

stabilization exercises to facilitate general abdominal muscle contraction for spinal 
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support. Based on this theory many diverse clinical training techniques have developed. 

These “global stabilization programs” challenge the supporting musculature through a 

variety of upper extremity and lower extremity movements while the subject attempts to 

maintain a neutral spine position (Richardson et al., 2004a). 

Panjabi and colleagues (Panjabi, 1992a, 1992b, 1994) described the interaction 

between the active, passive, and neural control systems and concluded that normal spinal 

function is achieved through a balance of non-contractile and contractile sources 

providing segmental stabilization to the spine during movement. In contrast to the global 

stabilization theory, Panjabi places an emphasis on the motor control of local segmental 

stabilizing musculature and advocates failure of this system as a major contributing factor 

in persistent LBP. O’Sullivan et al (O'Sullivan & Allison, 1997) focus more on the 

function of the local lumbar spine musculature (lumbar multifidus and transverse 

abdominis (TrA)) as an important component of stabilization of the lumbar spine with 

little respect to movement direction, magnitude, or velocity. Activation of local 

stabilizing musculature occurs automatically, in a preparatory manner, prior to 

movement. Failure of this preparatory stabilizing mechanism has been identified as a 

primary cause of persistent LBP (Richardson et al., 2004a).  

Literature that has developed from and is supportive of the “lumbar motor control 

or segmental stabilization” model has generated research highlighted by TrA and lumbar 

multifidus (Mf). The TrA contracts uniquely in relation to the abdominal muscles and its 

contraction precedes that of primary movers such as the deltoid or hip flexor without 

respect to movement direction (Hodges & Richardson, 1997b). This preparatory spinal 
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stabilization contraction is lacking in subjects with LBP (Hodges & Richardson, 1996). 

The lumbar Mf muscle functions in a similar, preparatory manner in normal subjects 

(Hodges & Richardson, 1997a) to provide segmental stabilization and movement 

guidance between segments. Although the lumbar Mf has been identified as an opposite 

rotator and lumbar extender in the classic biomechanics sense, its role as a segmental 

stabilizer has more recently been described. Research has shown it to be active during 

lumbar spine flexion as well, indicating an eccentric stabilizing effect (James & 

Porterfield, 1998; Richardson et al., 2004a). 

A painful low back does not always indicate a specific pathology but may be 

related to restricted, excessive, or poor lumbar motion control (Abbott et al., 2006a; 

Panjabi, 2003). Altered mobility can be characterized as general (mobility of the trunk as 

a whole) or segmental (between two consecutive vertebra) (Hicks, Fritz, Delitto, & 

Mishock, 2003). Low back pain may occur as a consequence of deficits in control of the 

spinal segment when abnormally large segmental motions cause compression force or 

tensional force on neural structures, as well as abnormal deformation of ligaments and 

pain-sensitive structures (Richardson et al., 2004a).  

Additional information about the lack of preparatory spinal stabilization 

contraction in people with recurrent low back pain has been supported by 

electromyography (EMG) research. When subjects with LBP performed rapid limb 

movements, the onset of TrA was significantly delayed and failed to occur in the pre-

movement period with movement in all directions (Hodges, Richardson, & Jull, 1996 ). 

In addition, the onset of TrA activity was significantly different between movement 
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directions (along with the superficial abdominal muscles) and the response of TrA 

became more phasic. Additional studies revealed that TrA was delayed with movement 

of the leg (Hodges & Richardson, 1998a), that the TrA activation threshold for activation 

of TrA was increased (Hodges & Richardson, 1999), and that TrA was no longer 

activated independently of the superficial trunk muscles in people with low back pain 

(Hodges, 1999). 

Lumbar paraspinal muscle responses to trunk loading are different between 

people with and without a history of LBP (MacDonald et al., 2010). People with LBP 

demonstrate prolonged paraspinal muscle reaction times, especially longer on the painful 

side than the non-painful side (Magnusson, Aleksiev, & Wilder, 1996); decreased 

paraspinal muscle response amplitudes (Magnusson et al., 1996); and changes in the 

latency of the paraspinal muscle response relative to the abdominal muscles (McGill, 

Grenier, & Bluhm, 2003) during unpredictable trunk loading. Paraspinal muscles do not 

contribute equally to the control of spinal motion nor are they uniformly affected by LBP 

(MacDonald et al., 2010). Within the paraspinal muscles, the lumbar Mf contributes up to 

two-thirds of the stiffness at individual lumbar segments (Wilke, Wolf, & Claes, 1995) 

and has a high cross-sectional area and a low fiber length-to-muscle length ratio, making 

it uniquely designed to generate high forces (Ward, Kim, & Eng, 2009). Moreover, 

MacDonald et al (MacDonald et al., 2010) found differences in lumbar Mf EMG activity 

in people with a history of recurrent LBP despite symptom remission. Additionally, when 

the nervous system can predict loading, deep Mf EMG activity is reduced and, when 

loading is unpredictable, the activity of both deep and superficial Mf are less in patients 
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with LBP compared to healthy (asymptomatic) individuals. Such reduced activity may 

compromise spinal control and contribute to LBP recurrence. 

Reflex inhibition of trunk muscles has been defined as the situation that occurs 

when sensory stimuli delay the voluntary activation of those muscles.  Reflex inhibition 

is common in people with LBP (Richardson et al., 2004a). To minimize the effects of this 

reflex inhibition, the joint should be positioned in a neutral position. Muscle atrophy is 

known to occur very rapidly in the case of reflex inhibition. Evidence of dysfunction of 

the Mf in patients with acute LBP has been provided in the form of a segmental decrease 

in Mf cross sectional area (Richardson et al., 2004a). Lumbar Mf atrophy is present in up 

to 80% of subjects with LBP as measured by MRI scans (Kader, Wardlaw, & Smith, 

2000), selective to one lumbar segment, and ipsilateral to the painful side (Danneels, 

Vanderstraeten, Cambier, Witvrouw, & Cuyper, 2000; Hides, Stokes, Saide, Jull, & 

Cooper, 1994). Additionally, lumbar Mf atrophy does not resolve spontaneously upon 

resolution of LBP (Hides, Richardson, & Jull, 1996) and is associated with reoccurrence 

of LBP at one and three years following the initial acute episode (Hides et al., 2001a; 

Hides et al., 1996). 

Investigators have examined the relationship between recurrent LBP and trunk 

control strategies. Recurrent LBP patients are known to have weakness and a lack in of 

motor control of deep trunk muscles, such as the lumbar Mf and TrA muscles. 

Investigators have demonstrated that the TrA exhibits a lack of control and delayed 

muscle contraction rate in a recurrent LBP population (Ferreira, Ferreira, Maher, 

Refshauge, Herbert, & Hodges, 2009; Hodges & Richardson, 1996). One explanation for 
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these findings centers on processing differences in the central nervous system (Hodges & 

Richardson, 1996). In response to TrA activity, segmental abdominal musculature 

appears to have less ability to control the trunk during novel perturbations (Hodges & 

Richardson, 1998a), thus increasing the risk of spinal injury (Moseley, Hodges, & 

Gandevia, 2003). These motor control changes appear to be related to higher long-term 

incidence of LBP (Moseley, 2004).  

Zazulak et al found (Zazulak et al., 2007) that LBP pain history was a significant 

predictor of overall knee injury in female athletes and knee ligament injury in male 

athletes. Individuals with LBP demonstrated impaired postural control, delayed muscle 

reflex latencies, and abnormalities in trunk muscle recruitment patterns. Additionally, 

decreased neuromuscular control of the spine appears to influence dynamic stabilization 

of the knee joint and increase lower extremity injury risk. Low back pain was a 

significant predictor of knee injury and impaired lower extremity control. One possible 

explanation for this finding is that the impaired neuromuscular control of the abdominal 

muscles associated with LBP creates decreased pelvic stabilization and impairs the ability 

of the hip abductors to eccentrically control adduction and internal rotation of the femur, 

resulting in an increased valgus force at the knee (Hooper et al., 2012).  

Spine Control and Volitional Preemptive Abdominal Contraction 

Spine stabilization can be defined as a synergy between spine stiffness and spine 

control (Richardson et al., 2004b). Lumbopelvic stabilization is often regarded to be a 

static phenomenon. Exercises that aim to improve stabilization commonly involve 

training patients to maintain a static trunk posture during function.  Spine instability 
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results from buckling of the spine during trunk compressive force. An additional 

consideration is lumbopelvic stabilization which must be considered at several 

interdependent levels: (1) intervertebral control, (2) control of lumbopelvic orientation, 

and (3) the control of whole-body equilibrium. Buckling can occur at the intervertebral 

level and changes in spinal orientation involved in intervertebral motion. Spine  

instability has been variously defined as: (1) a loss of joint stiffness,  (2) an increase in 

mobility, (3) abnormal spinal motion which changes the ratios of segmental rotations and 

translations, and (4) a loss of spine control (Richardson et al., 2004a). 

The TrA is the deepest of the abdominal muscles. When the TrA contracts 

bilaterally, it reduces the circumference of the abdominal wall and flattens the abdominal 

wall in the lower region to increase intra-abdominal pressure (IAP) and tension in the 

thoracolumbar and anterior fascias. Similar to the TrA, the internal oblique (IO) 

contributes to the support of the abdominal contents and modulation of IAP and will 

produce a trunk flexion moment, ipsilateral trunk rotation, and ipsilateral lateral flexion.  

The external oblique (EO) may contribute to the modulation of IAP because its 

mechanical advantage is inferior to that of TrA. The major functions of the EO are trunk 

flexion, contralateral trunk rotation, and ipsilateral flexion. All muscles of the pelvic floor 

support the pelvic viscera and this is critical during forced expiration and for modulation 

of IAP with the diaphragm in the upward direction. The confirmation that the diaphragm 

contributes to the feed-forward postural response provides additional support for the 

contribution of TrA to spinal stabilization (Hodges, 1999). It is via this latter mechanism 

that the pelvic floor muscles contribute most to spinal control.  Intra-abdominal pressure 
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may directly increase spinal stiffness. In contrast to the global abdominal muscles, 

activity of TrA is generally independent of the direction of force applied to the trunk.  

The lumbar Mf is the most medial of the lumbar muscles. The unique segmental 

arrangement of the Mf fascicles in the lumbar region indicates that it has the capacity for 

fine control of movement of individual lumbar vertebrae. Spinal curves are an efficient 

way for the body to accommodate to the forces of gravity. Multifidus activation can 

contribute to stabilization of the spine via control of the lordosis, allowing equal 

distribution of forces. To maintain the spinal curves requires a balance between and 

integration of local, mono-articular and global muscles (Richardson et al., 2004a). 

The local muscular system includes deep muscles and the deep portions of some 

muscles that have their origin or insertion on the lumbar vertebrae. These muscles control 

the stiffness and intervertebral relationship between the spinal segments and the posture 

of lumbar segments. The global muscular system includes the large, superficial muscles 

of the trunk that do not have direct attachment to the vertebrae and cross multiple 

segments. These muscles are the torque generators for spinal motion and act like guy 

ropes to control spinal orientation in order to balance the external loads applied to the 

trunk and transfer load from the thorax to the pelvis (McGill, 2007). Global co-

contraction increases the compressive load on lumbar segments by cancelling antagonist 

torques while accentuating compressive forces, resulting in a restriction of spinal motion 

and increased ‘rigidity’ of the spine. Global muscles have a limited ability to control 

shear forces (Richardson et al., 2004a). 
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Lumbopelvic stabilization is controlled in advance of imposed forces (i.e., feed-

forward control) when the perturbation to the trunk is predictable. Activity of the trunk 

muscles occurs in advance of the muscles responsible for movement of the lower and 

upper limbs and prior to loading when mass is added to the trunk in a predictable manner 

(Hodges & Richardson, 1997b; Richardson et al., 2004a). When the spine is perturbed 

unpredictably, the nervous system must respond rapidly. Feedback-mediated control may 

operate at a reflex level. The long loop reflexes are more complex than simple stretch 

reflexes and involve information processing at higher levels of the central nervous 

system, including transcortical mechanisms. A third type of control strategy is related to 

both feedback and feed-forward control and involves modulation of the ‘tone’ in specific 

muscles to provide an underlying degree of stabilization to the joint. Stabilization of the 

trunk may be controlled by stiffness of the spinal muscles (Richardson et al., 2004a). 

Investigators have reported that reduced abdominal feed-forward response led to altered 

pelvic girdle stabilization (Hodges & Richardson, 1998b), thus implicating the abdominal 

muscles in lower quarter control.  However, such automatic abdominal muscle feed-

forward responses are not always operating during volitional extremity movements when 

the person is exposed to novel trunk perturbations (Tokuno, Cresswell, Thorstensson, & 

Carpenter, 2011). This lack of control requires a volitional trunk muscle response to 

activate a stabilizing mechanism during challenging perturbations. 

The control of continuous muscle recruitment for joint stabilization depends not 

only on the preprogrammed motor patterns from the cerebral cortex but also on the state 

of the feedback system emanating from kinesthetic input. Contractions of TrA and Mf 

with minimal contractions of the superficial abdominal muscles increase stiffness, or 
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decrease laxity, of the sacroiliac joint to a greater degree than a higher level ‘bracing’ 

contraction involving all the muscles of the abdominal wall. The antigravity joint 

protection mechanisms depend not only on the stiffness developed in the lumbopelvic 

region for weight bearing but additionally on the close links with the antigravity muscle 

support system of the trunk and the limbs (Richardson et al., 2004a).  

Hip and trunk muscle activation influences knee motion control (Hammill et al., 

2008; Hewett & Myer, 2011; Willson et al., 2005; Zazulak et al., 2008). Weakness and 

poor control of the hip abductors and external rotators reduces pelvic stabilization leading 

to excessive dynamic knee valgus (Imwalle et al., 2009; Powers, 2010).  In response, 

controlling pelvic stabilization may influence knee control parameter outcomes. Thus a 

lower quarter stabilization response to abdominal activity may require volitional 

abdominal muscle recruitment. Volitional preemptive abdominal contraction (VPAC) can 

alter lower extremity neuromuscular control and improve pelvic stabilization (Cynn, Oh, 

Kwon, & Yi, 2006; Hooper et al., 2012; Oh, Cynn, Won, Kwon, & Yi, 2007; Park, Cynn, 

Kwon, Lee, Ha, & Kim, 2011).  

A VPAC is commonly used to improve lumbar spine stabilization and reduce 

pelvic motion in individuals with spine dysfunction.  A commonly used VPAC strategy is 

the abdominal bracing maneuver, which produces a global trunk muscle contraction 

(McGill, 2007).  Preliminary evidence suggest that subjects can reliably perform a VPAC 

during functional activities, such as landing (ICC2,k = 0.53-0.91)(Kulas, Windley, & 

Schmitz, 2005). Investigators have demonstrated that a preventative sensorimotor control 

program that includes lumbar stabilization exercises may reduce ACL injury risk in 
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female athletes (Hewett, Lindenfeld, Riccobene, & Noyes, 1999; Petersen, Braun, Bock, 

Schmidt, Weimann, & Drescher, 2005).  

 Volitional preemptive abdominal contraction strategies have been investigated 

during landing maneuvers, but the outcomes are inconclusive. Shirey et al.(Shirey, 

Hurlbutt, Johansen, King, Wilkinson, & Hoover, 2012) found that a non-quantified 

VPAC decreased bilateral frontal plane hip displacement and increased stance limb knee 

flexion during a 6-inch step decent.  Hooper et al. (Hooper et al., 2012) examined the 

influence of VPAC on lower extremity (LE) kinematics, kinetics and muscle 

electromyography (EMG) contractile amplitudes during a 0.30 m drop vertical jumping 

(DVJ) task. The VPAC resulted in a significantly greater knee internal rotation angle, 

knee flexion angle, knee internal abduction moment, knee energy absorption, external 

oblique activity pre- and post-contact, as well as medial hamstring activity post-contact. 

The authors suggested that individuals can be encouraged to use the VPAC during a DVJ, 

when the goal of the VPAC is to increase trunk protection without deteriorating LE 

control.  Similarly, Haddas et al. (Haddas et al., 2012) examined the influence of VPAC 

on LE kinematics, kinetics and muscle EMG contractile amplitudes during a 0.50 m DVJ 

task. The VPAC resulted in a significantly smaller ankle inversion, greater knee flexion, 

greater hip flexion, greater hip energy absorption, greater EO activity pre-contact and 

smaller post-contact, as well as medial hamstring activity pre-contact. The authors 

suggested that an unpracticed VPAC may hinder LE control from the higher landing 

height, which may require additional cognitive and neuromuscular resources to control 

greater landing forces.  
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Recruitment of the trunk muscles is necessary during landing to control the 

momentum of the trunk and increase IAP to improve spine stabilization (Hooper et al., 

2012; Iida et al., 2011; Kulas, Schmitz, Shultz, Henning, & Perrin, 2006). Preparatory 

activation of the abdominals prior to landing has been previously identified (Hooper et 

al., 2012; Iida et al., 2011; Kulas et al., 2006). Performance of the VPAC during landing 

may provide a protective effect to the ACL, due to the role that the hamstring plays in 

restraining anterior translation of the tibia during a landing sequence (Hooper et al., 2012; 

Li, Rudy, Sakane, Kanamori, Ma, & Woo, 1999b). 

Spine Kinematic Model  

Segmental spine movement is difficult to quantify. Sensitive and crucial organs 

around the spine provide a challenge for invasive research on spine movement. Most 

spine research has been performed on cadavers, using indirect measurement, computer 

modeling, or radiographs.  Most of the biomechanics studies that have investigated spine 

movement in vivo have treated the spine as 1-3 rigid segments in order to simplify their 

analysis. The spine has a complicated structure with many bones and joints in a small 

area. The majority of the spinal joints systems exhibit 6 degrees of freedom 

(Abouhossein, Weisse, & Fergusonb, 2011) through relatively small range of motion. 

Selected spine motions cannot be distinguished from measurement error.  

The range of spinal movements can be measured in vivo most accurately using 

radiographs and implanted pins (Abbott et al., 2006b; Adams, Bogduk, Burtom, & Dolan, 

2006; Pearcy, Portek, & Shepherd, 1984). The overall range of sagittal plane movement 

is approximately 14⁰ at most lumbar levels measured by radiographs, although the 
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changing proportions of flexion and extension indicate that the reference position (erect 

standing) involves more extension at L3-4 and L4-5 than the other lumbar levels. Lateral 

bending movements are slightly less than in the sagittal plan, especially at L5-S1, as 

measured by radiographs (Adams et al., 2006). Axial rotation movements of the lumbar 

spine are small (approximately 1⁰) and  have been confirmed by measuring the 

movements of metal pins inserted into the spinous processes of healthy volunteers 

(Steffen, Baramki, & Rubin, 1997). 

Invasive techniques can be used on small groups of subjects, but other methods 

must be devised to characterize the effects of age, gender, pathology and physical 

training on spinal motion. Most of these methods use devices attached to the skin surface 

of the back (Adams et al., 2006). The most popular and inexpensive way to measure 

spine kinematics is to attach reflective markers to the skin overlying the spine in order to 

gain three-dimensional kinematic information. Several investigators have used 3Space 

Isotrack tracking system (Herp, Rowe, Stlter, & Paul, 2000) or simple marker sets only 

on the sacrum and thorax/shoulder levels. Many of these investigators have treated the 

lumbar spine as one rigid segment and have made conclusions about lumbar motion 

based on the difference in orientation between the sacrum and the thorax. A limitation of 

this technique is the inability to distinguish between vertebral motions at different levels 

of the lumbar spine. 

Investigators who have used radiographs have presented a variety of range of 

motion values between different lumbar levels: 8-13⁰ of flexion, 1-5⁰ of extension, 2-5⁰ 

of side flexion, and 0-2⁰ of axial rotation (Pearcy et al., 1984)(Table 2.1). Therefore, 
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additional detailed information is needed about the motion of the lumbar spine joints. 

Additional information about the motion of specific vertebrae can be gained by adding a 

triad of reflective markers on the skin overlying the spinous processes of individual 

vertebrae. With more technology development, including reduced reflective marker size 

and improved camera quality, more than one triad can be placed on the lumbar vertebrae 

spinous processes in order to distinguish between lumbar vertebrae motions in vivo.  

Table 2.1: Ranges of motion (º) in the lumbar spine in healthy young men: data 

from bilateral X-rays.  

 Range  of Motion 

Lumbar Level FL EX LB AR 

L1-L2 8.0 5.0 5.5 1.0 

L2-L3 10.0 3.0 5.5 1.0 

L3-L4 12.0 1.0 5.0 1.5 

L4-L5 13.0 2.0 2.5 1.5 

L5-S1 9.0 5.0 1.0 0.5 

FL=Flexion, EX=Extension, LB=Lateral Bend, AR=Axial Rotation . Source: Adams, M., 

Bogduk, N., Burtom, K., & Dolan, P. (2006). The Biomechanics of Back Pain (2nd ed.). 

Philadelphia: Elsevier Churchill Livingstone (Adams et al., 2006).  

Landing Mechanics 

Landings from a vertical height can be performed using a variety of foot contact 

patterns in response to morphological, environmental, and biomechanical factors, as well 

as individual performance differences strategies (Dufek & Bates, 1991). There are two 

primary foot contact patterns: toe-heel and flatfoot. The toe-heel pattern is more common 

during various landing activities. In response, these various contact patterns produce 

unique vertical ground reaction force time histories. The common toe-heel pattern 

exhibits a bimodal ground reaction force-time history. The first maximum force (F1) of 

the bimodal curve (toe-heel landing) has been associated with forefoot contact, while the 

second maximum force (F2) has been linked to rearfoot contact (Dufek & Bates, 1990; 
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Schot, Bates, & Dufek, 1994). The magnitude of the maximum forces (F1 and F2) or the 

unimodal force peak has been documented for several landing activities in an attempt to 

evaluate injury potential (Dufek & Bates, 1991).  

The joints of the lower extremity function in unison within the sagittal plane to 

diminish landing forces, such that greater motion at one joint is typically accompanied by 

greater motion at adjacent joints (Blackburn & Padua, 2008a; DeVita & Skelly, 1992a; 

Fong, Blackburn, Norcross, McGrath, & Padua, 2011; Kovacs, Tihanyi, Devita, Racz, 

Barrier, & Hortobagyi, 1999). The ankle plantar flexors play a substantial role in the 

absorption of landing forces and a smaller amount of sagittal plane ankle displacement 

(dorsiflexion) during landing, which results in greater peak landing forces (DeVita & 

Skelly, 1992a; Kovacs et al., 1999). The decrement in LE joint range of motion and 

increase vertical GRF is supported by Kovacs et al (Kovacs et al., 1999), who reported 

greater vertical GRF and smaller dorsiflexion, knee-flexion, and hip-flexion 

displacements during forced heel-to-toe landings than with toe-to-heel landings. 

Similarly, Fong et al.(Fong et al., 2011) found that greater passive ankle dorsiflexion 

range of motion was associated with greater knee-flexion displacement and smaller 

ground reaction forces during landing. 

Devita et al (Devita & Skelly, 1992b) investigated the joint kinetics and 

energetics in the lower extremity during landing. During the airborne phase, the hip 

moments had flexor dominant phases with negative power, which indicates that the 

extensor moment worked eccentrically in order to reduce hip flexion velocity, followed 

by extensor dominance until initial contact. The knee moments were initially negligible 
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and then exhibited flexor dominance with positive power, which indicated that the flexor 

moments worked concentrically in order to increase knee flexion in preparation for 

contact. During the contact phase, impact initiated by simultaneous knee extensor and hip 

flexor moments reached maximum values about 15 ms after contact and ended about 25 

ms after contact. Work was performed on the knee extensors, as indicated by the 

absorption knee muscle power. This action reduced the downward velocity of the body 

center of mass. In contrast, the hip flexors performed work on the skeletal system during 

the initial part of impact, accelerating the trunk forward and downward. The remainder of 

the impact phase exhibit extensor moments at each joint, all of which performed 

eccentrically and reduced the subjects' downward velocity. 

Similar to Devita et al, McNitt-Gray (McNitt-Gray, 1993) investigated joint 

kinetics during landing from different heights. The investigators reported that net peak 

extensor moments and work performed by the extensor muscles of the ankle, knee, and 

hip increased as impact velocity increased. Furthermore, the extensor joint moments 

tended to peak earlier after contact with increases in velocity, but the temporal sequence 

of landing events was maintained independently of velocity or landing height.  

Interestingly, knee extensor muscles experience relatively larger demands versus the 

ankle and hip when landing from higher heights. Similarly to McNitt-Gray results, Zhang 

et al (Zhang, Bates, & Dufek, 2000) found general increases in peak ground reaction 

forces, peak joint moments, and powers with increases in landing height and landing 

stiffness.  
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In a later investigation, McNitt-Gray et al (McNitt-Gray, Hester, Mathiyakom, & 

Munkasyb, 2001) examined the mechanical demands of landing. They found hip flexor 

moments early following contact, followed by decreased flexor moment values (close to 

zero) and increasing flexors moments later in the contact phase of landing. Knee and 

ankle flexors moments were found for the complete landing phase. Moreover, increased 

activation of the semitendinosus, biceps femoris and gastrocnemius was found during the 

airborne phase in preparation for landing. During early contact, the glutues maximus, 

semitendinosus, biceps femoris, and gastrocnemius were mainly active, followed by the 

rectus femoris, vastus medialis, and tibialis anterior later in the contact phase.  

During the landing phase of jumping activities, large loads are placed on the leg 

extensor muscles, which act eccentrically to decelerate downward motion of the body 

(Rodacki & Fowler, 2001) and dissipate the kinetic energy generated during landing 

(Edwards et al., 2010; Hoffman, Liebermann, & Gusis, 1997). Participants involved in 

jump-landing activities such as basketball and volleyball, tend to experience stress 

fractures of the tibial shaft, medial malleolus and metatarsals (Iwamoto & Takeda, 2003).  

Blackburn et al. (Blackburn & Padua, 2008b) reported that active trunk flexion 

during landing produced concomitant increases in knee and hip flexion compared to a 

more erect trunk posture. These results are in agreement with previous evidence of 

coupling of the knee and hip joints in the closed kinematic chain (Griffin et al., 2000). Yu 

et al.(Yu, Lin, & Garrett, 2006) demonstrated that hip and knee joint angular velocities 

were correlated with posterior and vertical ground reaction forces. 
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Fatigue 

Fatigue originates from combined physiological mechanisms occurring at the 

central and peripheral levels (Cairns et al., 2005; Miura, Ishibashi, Tsuda, Okamura, 

Otsuka, & Toh, 2004a). Fatigue can affect afferent neuromuscular pathways, commonly 

observed as proprioceptive alterations (Hiemstra, Lo, & Fowler, 2001; Johnston, Howard, 

Cawley, & Loose, 1998; Lattanzio & Petrella, 1998; Miura et al., 2004a), as well as 

efferent neuromuscular pathways, as evidenced  through delays in muscle response. 

(James et al., 2006; Nyland, Caborn, et al., 1997; Nyland, Shapiro, et al., 1997)  

Neuromuscular alterations that occur during fatigue potentially increase the risk of injury 

(Arndt et al., 2002; Sharkey, Ferris, Smith, & Matthews, 1995). 

Dynamic maneuvers with fatigue result in reductions of maximum voluntary 

muscle force and work capacity (Gandevia, 2001), altered movement control (Miura et 

al., 2004b), and delayed reaction time (Zhou et al., 1998b). Reduced neuromuscular 

performance resulting from fatigue are accompanied by an increase in leg shock 

acceleration (Mizrahi, Verbitsky, & Isakov, 2000), plantar pressure (Arndt et al., 2002; 

Weist, Elis, & Rosenbaum, 2004), and plantar force (Weist et al., 2004) during gait, 

while exposing bone to increased strain magnitudes and rates (Arndt et al., 2002; 

Donahue & Sharkey, 1999; James et al., 2006). Shock absorbing capacity of the muscle 

and muscle coordination of the locomotor system are modified by muscle fatigue. These 

changes alter injury risk and may result in greater stress on passive structures (James et 

al., 2010; Nordin & Frankel, 2002).  
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Fatigue of selected trunk muscles  has been found  to increase co-contraction of 

stabilizing muscles of the spine and result in greater bending moment variability in  

subjects during lifting tasks (Potvin & O’Brien, 1998). Fatigue outcomes of postural-

maintenance activities result in altered static and dynamic equilibrium (Johnston, 

Howard, Cawley, & Losse, 1998) and lower extremity joint coordination strategies 

during jumping (Rodacki, Fowler, & Bennett, 2002), both indicating changes in lower 

extremity control. The knee joint is a common example of how dynamic stabilization 

mechanisms and musculature are affected by fatigue. For instance, lower extremity 

neuromuscular reaction times were slowed during fatigue of the quadriceps and 

hamstring muscle groups  resulting in increased anterior tibial translation (Wojtys, Wylie, 

& Huston, 1996a). Similarly, quadriceps EMG burst onset exhibited a longer delay 

during repeated maximal isometric knee extension exercise to fatigue (Zhou, Carey, 

Snow, Lawson, & Morrison, 1998a).  

Wojtys et al (Wojtys, Wylie, & Huston, 1996b) found that isolated fatigue of both 

the quadriceps and hamstrings muscle groups in young healthy subjects accelerated 

potentially risky anterior tibial translation  motions when exposed to externally applied 

anterior loads. Furthermore, although the order of muscle activation did not change under 

fatigue, muscle premotor or reaction phases were noticeably greater, suggesting a 

possible compromise in their protective role (McLean, Felin, Suedekum, Calabrese, 

Passerallo, & Joy, 2007). 
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Fatigued Landing 

Muscle fatigue has been linked to a variety of lower extremity injuries and has 

been found to moderate lower limb muscle activation patterns during landing via altering 

muscle burst onset (Arendt-Nielsen & Sinkjaer, 1991), duration (Arendt-Nielsen & 

Sinkjaer, 1991; Hortobagyi et al., 1991), intensity (Horita, Komi, Nicol, & Kyrolainen, 

1999; Streepey, Gross, Martin, Sudarsan, & Schiller, 2000), and the ability of the lower 

limb muscles to absorb repetitive shock or stress (Edwards et al., 2010; Kannus, 1997).  

Fatigue during landing  accompanies the progress of muscle damage observed by the 

corresponding increase in serum creatine kinase and high blood lactate concentration and 

the corresponding deterioration of stiffness regulation and motor control in DVJ (Horita, 

Komi, Nicol, & Kyröläinen, 1999). 

James et al. (James et al., 2006) investigated the changes in landing performance 

following stretch shortening cycle exercise fatigue which could result in increased stress 

fracture injury risk.  Fatigue caused participants to land with less joint flexion at contact 

and to use a greater range of motion during the eccentric landing phase. Additionally, 

they found greater impact force peaks and loading rates, and smaller pre and post contact 

EMG activity. James et al. concluded that fatigue altered landing performance and 

resulted in changes consistent with an increased injury risk, such as greater external 

loading across repetitions and altered neuromuscular control. Furthermore, they found 

greater GRF magnitudes and rates which were assumed to result in greater tissue loading 

and greater stress fracture injury risk during landing.  
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In a more recent investigation, James at al. (James et al., 2010) investigated the 

effects of two different fatigue protocols on landing performance. They concluded that 

fatigue alters landing performance including functionally meaningful changes in 

neuromuscular activity, knee kinematics, and GRF magnitudes. Additionally, two 

different fatigue protocols affect neuromuscular and kinematic landing performance 

characteristics differently with greater changes elicited using a cycle ergometer fatigue 

protocol compared to an isometric squat fatigue protocol, but the cause of differential 

changes in GRF magnitudes remain unclear.  

Similarly, McLean et al (McLean et al., 2007) found that fatigue of the lower 

extremity increased initial and peak knee abduction and internal rotation motions and 

peak knee internal rotation, adduction, and abduction moments during landing. They 

suggested that fatigue induced modifications in lower extremity control, which may 

increase the risk of non-contact ACL injury during landings.   

  Edwards et al (Edwards et al., 2010) found that muscle recruitment, in response to 

fatigue, was delayed based on  the timing of peak muscle activity and a reduction in knee 

flexion velocity at initial contact. A reduction in knee flexion velocity at initial contact 

could have a negative effect on the dissipation of the impact load and knee joint 

stabilization by the antigravity extensor muscles acting too late after the peak force has 

been generated to eccentrically control impact absorption during landing. Moreover, 

fatigue effects passive, stretch-induced EMG and the twitch reflex response, which can 

cause both acute and delayed impairments of neuromuscular function during landing 

(Nicol, Kuitunen, Kyrolamen, Avela, & Komi, 2003).  
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Gehring et al (Gehring, Melnyk, & Gollhofer, 2009 ) found gender differences in 

knee flexion velocity, abduction angle, and muscle activation followed by decreased 

hamstring and gastrocnemius muscle activity, all in response to fatigue. These authors 

suggested that females and males use different neuromuscular strategies in response to 

fatigue when controlling the knee joint during landing maneuvers.  

Pappas et al (Pappas, Hagins, Sheikhzadeh, Nordin, & Rose, 2009) investigated 

the effects of fatigue on knee flexion angles at the occurrence of peak values during a 

DVJ task. These investigators analyzed peak values of knee valgus angle, vertical GRF, 

and normalized EMG amplitude of the quadriceps and hamstring muscles. They 

concluded that peak values may not be an optimal indicator of the biomechanical factors 

leading to ACL injury during landing tasks because peak values did not occur during the 

initial phase of landing when ACL injuries occur. Their recommendation was that 

analyses based only on peak values may not be adequately addressing the influence of 

knee flexion on ACL strain.  
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CHAPTER III 

METHODS 

Lower extremity injury during dynamic physical activity is a significant problem 

in society (Lin et al., 2011; Whiting & Zernicke, 2008). The effects of spine stabilization 

on people who have recurrent low back pain and the effects of fatigue on dynamic 

maneuvers are well documented (Zazulak et al., 2007). However, there is limited 

information on whether spine stabilization strategies can diminish the effects of lower 

extremity fatigue on lower extremity control during landing in people who have low back 

pain. The purpose of this study was to determine whether volitional spine stabilization 

strategies can reduce the effects of lower extremity fatigue on lower extremity and trunk 

mechanics and neuromuscular control during landing in people who have recurrent low 

back pain.   

This chapter provides a detailed description of the methods of two studies 

completed as part of the dissertation. Methods in common to both studies are described 

together. Methods unique to each study are described separately. The first study 

examined the first research question posed in Chapter I: What are the relationships 

among mechanical and neuromuscular control variables during landing in healthy 

individuals? The second study investigated the second research question posed in Chapter 

I: What are the effects of spine stabilization and lower extremity fatigue on mechanical 

and neuromuscular control variables during landing in individuals who have recurrent 

low back pain compared to healthy (asymptomatic) individuals?  
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Assumptions 

1. Subjects performed the fatigue protocol with maximum effort and until fatigue 

results in a task failure.  

2. There were several assumptions for the link segment model used in the inverse 

dynamics calculations of joint moments and powers: 

a. Each segment has a fixed mass located at the center of mass; 

b. Joints are frictionless pin joints; 

c. Segments have constant moment of inertia; 

d. Segments have constant length. 

3. Subjects performed the drop vertical jump (DVJ) with maximum effort. 

4. Individuals with recurrent LBP provided an accurate self-report about their back 

pain symptoms and history. 

5.  The motion capture instruments used in the study were reliable and valid. 

Design 

The first study used an exploratory design. Intercorrelation was used to determine 

a subset of dependent variables that explained the greatest amount of unique aspects of 

the data set variance during landing in healthy people. Regression was used to determine 

a subset of kinematic and EMG dependent variables that predicted kinetic variables 

during landing in healthy subjects. The first study included 32 kinematic, 11 kinetic and 

six EMG dependent variables which were reduced to a parsimonious set and used 

determine relationships among variables and guide the analysis in the second study.  
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The second study was an experiment using a mixed three factor design.  

Interaction and main effects for differences between subject groups (healthy vs. LBP), 

abdominal contraction condition (VPAC vs. no VPAC), and lower extremity fatigue 

(fatigue and no fatigue) were investigated. The within-subjects factors were abdominal 

contraction and fatigue condition, and the independent factor was subject group. 

Sample 

Volunteers were recruited from a sample of convenience from the general 

community. The first study involved healthy subjects to explore the relationships among 

dependent variables during normal landing conditions. The sample size needed in the first 

study to approach 80% statistical power for association was estimated from the data of a 

previous study that examined VPAC during 0.30 m landings (Haddas et al., 2012; James 

et al., 2010). An effect size index of r = 0.50 was estimated.  With a desired power of 

80% (1 - β = 0.80) and desired α = 0.05, this effect size index would require a minimum 

sample size of 28 subjects (Portney & Watkins, 2009). The sample size needed in the 

study to approach 80% statistical power for the regression also was estimated based on an 

arbitrary moderate effect size of r = 0.707 or 50% explained variance. With a desired 

power of 80% (1 - β = 0.80) and desired α = 0.05, this effect size index would require a 

minimum sample size of 13 subjects (Portney & Watkins, 2009).  Thirty-three healthy 

subjects were enrolled in the first study.   

The second study investigated differences among group, abdominal contraction, 

and fatigue conditions. The sample size needed to approach 80% statistical power for 

differences between conditions was estimated from the literature (Haddas et al., 2012; 
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James et al., 2010; MacDonald et al., 2010). An effect size index of f = 0.40 was 

estimated.  With a desired power of 80% (1 - β = 0.80) and desired α = 0.05, this effect 

size index would require a minimum sample size of 26 per group (Portney & Watkins, 

2009). Sixty-five subjects participated in the second study, including the 33 healthy 

subjects from the first study and an additional 32 subjects who had recurrent LBP. 

Inclusion criteria for the healthy and recurrent LBP groups were: (1) age 18 to 35 

years, and (2) a score between 4 and 8 on the physical activity level scale described by 

Huston et al (Huston & Wojtys, 1996)(Appendix A). An additional inclusion criterion for 

the recurrent LBP group was a history of recurrent LBP that was intermittent, with 

unilateral or bilateral symptoms between T12 and the mid-thigh. Subjects were to have 

experienced these symptoms for one or more episode over the previous 18 months. 

Subjects were to have experienced one or more of the following: (1) a severity sufficient 

to require medical or allied health intervention; and or (2) a severity sufficient to impair 

the subject’s ability to perform their normal activities of daily living. At the time of 

testing, subjects were to be in a period of remission from their LBP symptoms. 

(McDonald et al, 2010).  

Exclusion criteria for the both groups were: (1) history of knee pain; (2) history of 

surgery to the knee or lumbar spine; (3) current pain that may have affected landing 

performance; (4)  pregnancy by self-report; (5) diagnosed and presently active abdominal 

condition; (6) body mass index (BMI) greater than 30 (7) diagnosed and presently active 

gastrointestinal condition; (8) tumors; (9) present fractures; (10) rheumatologic disorders; 

(11) known neurological disorders; (12) history of training in an abdominal bracing 
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program; and (13) history of training in a DVJ program for knee control. An additional 

exclusion criterion for the healthy group was a history of low back pain in the previous 

two years. 

Classification of Patients with History of Recurrent LBP but no present symptoms 

Previous investigators have documented the impact of a history of recurrent LBP on 

trunk control in the absence of existing symptoms (McDonald et al, 2010). Such control 

deficits suggest a longer standing impact of pain on trunk control that outlasts the 

presence of symptoms, further suggesting that changes are due to adaptations in control 

versus an immediate reaction to existing pain. Participants with a history of recurrent 

LBP were to have experienced intermittent, unilateral or bilateral symptoms between T12 

and the mid-thigh. Subjects were to have experienced these symptoms for one or more 

episodes over the previous 18 months with a severity sufficient to require medical or 

allied health intervention, and which impaired the subject’s ability to perform their 

normal activities of daily living. At the time of testing, subjects were to be in a period of 

remission from their LBP symptoms. 

Preparatory Procedures 

Subjects reported to the Biomechanics laboratory, were educated on the purpose 

of the study and were asked to provide informed consent by one of the investigators. 

Twenty-three reflective markers (0.9 cm diameter) using locations and procedures 

adapted from Vaughan et al. (Vaughan, Davis, & O'Conner, 1999)(Figure 3.1) were 

incorporated in order to collect three-dimensional kinematics (VICON Nexus 1.7.1, 

Denver, CO) of the lower  extremity and lumbar spine at a sampling rate of 100 Hz.  
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These markers were placed on the skin overlying the first sacral level and bilaterally on 

the skin overlying the ASIS, iliac-crest, lateral mid-segment of the thigh, femoral 

epicondyle, lateral mid leg at its largest circumference, lateral malleolus, heel, and second 

metatarsal head.  Triad markers were placed on the twelfth thoracic vertebra and on the 

third lumbar vertebra to record trunk kinematics. Raw 3D coordinates were smoothed 

using a fourth order no-phase-shift Butterworth low pass digital filter with cutoff set to 6 

Hz prior to exporting for further analysis. The ground reaction force (GRF) data were 

collected at 2000 Hz using two parallel force plates positioned side-by-side (AMTI, 

Watertown, MA). Electromyographic data from the right side internal oblique (IO), 

external oblique (EO), and multifidus (Mf) at the first lumbar (L5) spinal level, as well as 

the right side gluteus maximus (GM), semitendinosus (ST), vastus medialis (VM) and 

rectus femoris (RF) were measured at 2000 Hz using preamplified surface electrodes 

(Delsys Inc, Boston, MA). The EMG sensor signal bandwidth was 20 to 450 Hz with a 3 

µV peak-to-peak baseline noise.  The overall channel noise was less than 0.75 µV with a 

common-mode rejection ratio less than 80 dB.  Each EMG sensor had 4 contacts with 5 

mm by 1 mm dimensions and each contact was made of 99.9% silver. 

 The skin was cleaned with alcohol, shaved as necessary, and then lightly abraded 

to reduce impedance. Subjects were instructed to place their first webspace of each hand 

over the respective iliac crest. Once placed, the subject was then asked to ‘make your 

lower trunk wider’ while continuing with diaphragmatic respiration (Haddas et al., 2012; 

Hooper et al., 2012; Matthijs, Sizer, & Brismée, 2012). Additionally, static trials were 

recorded with subjects positioned in a neutral, standing posture to create a reference 

position for defining neutral joint angles.  
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Figure 3.1: Lower extremity and lumbar spine marker set adapted from Vaughan et al. 

(Vaughan et al., 1999)  

 

Data Collection Procedures  

Participants wore t-shirts and shorts and were provided a pair of standard athletic 

shoes. Prior to data collection, participants received instruction about performing drop 

vertical jump trials and were allowed to practice until they were comfortable with the 
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task.  Previous investigators have utilized drop vertical jump landing sequences to 

represent lower extremity control during both landing and ballistic responses in the 

closed chain (Hewett & Myer, 2011; Myer et al., 2005).  For the drop vertical jump, 

subjects stood with their toes at the edge of a 0.30 m box.  The drop vertical jump trial 

was initiated when the subject stepped forward with the right foot and dropped down off 

the box, simultaneously landing with each foot on a separate force platform.  The landing 

was immediately followed by a maximum vertical jump, where the subject reached with 

both arms overhead to a maximum achievable height.   

Subjects performed a series of six DVJ trials, three with VPAC and three without 

VPAC. The VPAC conditions were presented in random order. After completion of the 6 

successful DVJ trials, the subjects performed a fatigue protocol. The fatigue protocol 

included dynamic squatting in squat machine with 15% of body weight until task failure 

(Hunter, Duchateau, & Enoka, 2004; Maluf & Enoka, 2005) was achieved, defined as 

altered squat performance or inability or unwillingness to continue. Then, subjects 

performed another series of six DVJ trials, performing three trials each with and without 

VPAC, presented in a random order.  The contractile states of the abdominal muscles 

were verified by the investigator via a review of the recorded EMG data (EO and IO) 

during each trial. 

Data Reduction  

All raw data were exported from the Vicon Nexus system and imported into a 

custom Matlab program (Mathworks Inc., Natick, MA) for processing. Joint rotation 

angle in the sagittal, frontal, and transverse planes at the spine, pelvis, hip, knee, and 
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ankle were analyzed using the custom algorithm. Joint kinetics were analyzed using an 

inverse dynamics solution that calculated unknown joint reaction forces and torques from 

known kinematic, anthropometric, and external force data. Inverse dynamics is derived 

from Newton’s second law, where the resultant force is partitioned into known versus 

unknown forces (Robertson, Caldwell, Hamill, Kamen, & Whittlesey, 2004). The EMG 

data were band-pass filtered between 20 and 450 Hz with a fourth order no-phase-shift 

Butterworth band pass digital filter.  The EMG data were visually analyzed for the onset 

times of the IO, Mf, GM, ST, VM and RF evaluated from the airborne phase (0.15 

second prior to contact) to the end of the eccentric landing phase using a custom 

laboratory algorithm. The intra-rater reliability of the visual method for determining onset 

was examined using a subset of data and was excellent (ICC = 0.974-0.977; p = 0.001) 

when evaluated for two muscles. 

Dependent Variables for Study 1  

The first study included 32 kinematic, 11 kinetic and six EMG dependent 

variables as follows:  

Kinematic time histories including sagittal, frontal and transverse plane angles of 

the ankle, knee, lower and upper lumbar spine (12 time histories), and sagittal and frontal 

plane angles of the hip and pelvis (4 time histories) each analyzed for their positions at 

initial contact and maximum value during the eccentric landing phase (16 time histories x 

2 variables from each time history). The eccentric landing phase was defined from the 

instant of initial contact of the foot with the force platform (initial contact) until 

maximum knee flexion.  
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Kinetic time histories included vertical GRF (1 time history), sagittal and frontal 

plane moments of the ankle, knee and hip (6 time histories), and sagittal plane powers of 

the ankle, knee, and hip (3 time histories). The GRF data were reduced to two dependent 

variables representing impact and peak force.  The joint kinetic variables were reduced to 

9 dependent variables representing the maximum values during the eccentric landing 

phase.   

The EMG data were visually analyzed for the onset times of the IO, Mf, GM, ST, 

VM and RF evaluated from the airborne phase (0.15 second prior to contact) to the end of 

the eccentric landing phase using a custom laboratory algorithm. 

Statistical Analyses for Study 1 

Pearson product-moment correlations were used to calculate an intercorrelation 

matrix of 49 variables to explore and reduce the data set to a parsimonious set of 

variables that explained unique variance. Dependent variables strongly correlated to each 

other were evaluated for both logical and numerical redundancy. One dependent variable 

in each strongly correlated pair was excluded from further analysis. The criterion value 

for redundancy was  initially set to r=0.707  or 50% explained variance (Tabachnick & 

Fidell, 1989). The criterion value was progressively adjusted with additional iterations 

until 5-8 dependent variables remained.  After establishing a parsimonious set of 

variables, a separate analysis involving linear multiple regression analyses were used to 

predict maximum vertical GRF, maximum knee moment in the sagittal plane, and 

maximum ankle moment in the sagittal plane from the larger set of 26 kinematic and 

EMG variables. Two techniques were employed to select the predictor dependent 
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variables. First, the three kinematic or EMG dependent variables that had the highest 

correlation with each dependent variable were manually identified and entered into a 

model to predict each selected kinetic variable. Second, a forward stepwise multiple 

regression model (pin = 0.05; pout = 0.10) was used to determine the best models for 

predicting the dependent variables from lower extremity kinematic and EMG predictor 

variables. Additionally, identified variables were used as dependent variables for 

inferential analysis in Study 2. Statistical analyses were conducted in SPSS, Version 21.0 

(IBM, Inc, Chicago, IL). 

Dependent Variables for Study 2 

After completing the statistical analyses for the first study, seven kinematic, kinetic and 

EMG dependent variables were identified and used as the dependent variables in this 

study.  

Statistical Analyses for Study 2 

A 2x2x2 mixed repeated measures ANOVA was used to determine differences 

between the abdominal contraction, fatigue, and group independent variables for each 

dependent variable. Appropriate alpha correction was made within each statistical family 

using Holm-Sidak correction for the multiple dependent variables (Glantz, 2011). 

Follow-up tests were conducted as necessary, with alpha correction at each step. 

Statistical analyses were conducted using SPSS, Version 21.0 (IBM, Inc, Chicago, IL).  
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CHAPTER IV 

RELATIONSHIPS AMONG MECHANICAL AND NEUROMUSCULAR CONTROL 

VARIABLES IN HEALTHY INDIVIDUALS DURING LANDING 

Abstract  

 Biomechanics investigators are often confronted with a dilemma when deciding 

which and how many variables to choose when analyzing human motion. The purpose of 

this study was to determine a parsimonious subset of dependent variables that explain the 

greatest amount of unique variance, and to predict kinetic variable values from 

representative kinematic variables during landing. Correlation was used to determine a 

subset of kinematic, kinetic and electromyographic variables that explained the greatest 

amount of unique variance during landing. Regression was used to determine a subset of 

kinematic variables that predicted kinetic variables. Seven of 49 variables were found to 

explain unique variance using correlation: maximum knee angle in the sagittal plane, 

maximum pelvic angle in the frontal plane, pelvic angle in the sagittal plane at initial 

contact, lower lumbar angle in the sagittal plane angle at initial contact, maximum knee 

flexion moment in the sagittal plane, maximum vertical GRF, and semitendinosus   onset. 

Stepwise regression predicted maximum vertical GRF (R
2
=0.42; p=0.001) and maximum 

knee moment in the sagittal plane (R
2
=0.50; p=0.001).   In clinical biomechanics settings 

which do not have access to a force platform, some kinetic variables can be predicted 

moderately well from kinematic variables using regression.   
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Introduction 

Biomechanics investigators are often confronted with a dilemma when deciding 

which and how many variables to choose when analyzing human motion.  Advances in 

technology have provided a means by which numerous measurements can be obtained 

simultaneously. Each measurement, such as a knee angle time history, may in turn be 

reduced to provide numerous dependent variables. A typical three-dimensional kinematic 

analysis may produce 20 or more dependent variables from a unilateral lower extremity 

alone. Many more variables may accumulate from the addition of kinetic and 

electromyographic (EMG) measurements. Additionally, the complexity of human 

movement often makes it difficult for the researcher to know which variable or variables 

are most important in a given circumstance, especially when they are challenged with the 

plethora of choices.  

While the selection of dependent variables should be driven by the research 

question, interacting factors include access to equipment and limited information about 

the interrelationships among variables.  In addition to the obvious data management 

issues, a large number of dependent variables may lead to increases in statistical error. 

First, analysis of too many variables increases the probability of detecting a statistically 

significant outcome when none actually exists (Type I error). Commonly, this type of 

error is managed by adjusting the criterion value (alpha) for determining significance, 

which in some cases can lead to a severe adjustment thereby increasing the chance of a 

Type II error. Similarly, choosing incorrect variables may lead to an erroneous 

conclusion of no significant result (Type II error), when the chosen variables are not the 

key variables.  Moreover, the inclusion of numerous dependent variables may be 
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unnecessary in circumstances in which variables share common variance. In some 

biomechanics settings, such as in small research laboratories or clinical analysis settings, 

instruments may be limited to a set of cameras. In these settings, it would be ideal to take 

advantage of known interrelationships among variables. Strong interrelationships might 

permit the prediction of some kinetic variables from related kinematic variables.  

Biomechanical studies of landing typically involve numerous dependent 

variables. Landing is a common stressful maneuver that may increase the risk for acute 

and chronic injuries. For example, investigators have reported that the majority of ACL 

injuries occur during the initial phase of landing when the knee is flexed less than 40° 

(Boden et al., 2000; Olsen et al., 2004). Most injury-related landing studies include a 

large number of dependent variables, many of which may be related to ankle, knee and 

hip kinematics. The purpose of this study was to explore the interrelationships among 

kinematic, kinetic and EMG variables to (1) determine a parsimonious subset of 

dependent variables that explain the greatest amount of unique aspects of the data set 

variance during landing in healthy people, and (2) predict selected kinetic variable values 

from representative kinematic and EMG variables during landing.   

Methods 

Design 

An intercorrelation design was used to determine a subset of kinematic, kinetic 

and EMG dependent variables that explained the greatest amount of unique variance 

during landing in healthy people in an exploratory fashion. A linear multiple regression 

design was used to determine a subset of kinematic and EMG dependent variables that 
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predicted kinetic variables during landing in healthy subjects. The sample size needed in 

this study to approach 80% statistical power for the intercorrelation was estimated from 

the data of a previous study that examined the biomechanics of landing (Haddas et al., 

2012; James et al., 2010). An effect size index of r = 0.50 was estimated.  With a desired 

power of 80% (1 - β = 0.80) and desired α = 0.05, this effect size index requires a 

minimum sample size of 28 subjects (Portney & Watkins, 2009). The sample size needed 

in the study to approach 80% statistical power for the regression also was estimated  

based on an arbitrary moderate effect size of r = 0.707 or 50% explained variance. With a 

desired power of 80% (1 - β = 0.80) and desired α = 0.05, this effect size index would 

require a minimum sample size of 13 subjects (Portney & Watkins, 2009).      

Sample 

Eighteen healthy male and 15 female (age = 20.94 ± 2.27 years, height = 1.69 ± 

9.62 m, mass = 71.18 ± 14.50 kg) subjects participated. All subjects were between the 

ages of 18 and 35 years and were moderately active  based on a physical activity level 

scale (Huston & Wojtys, 1996). Subjects were excluded if they had a history of knee pain 

or LBP in the previous two years, history of surgery to the knee or lumbar spine, active 

abdominal or gastrointestinal conditions, or pregnancy, all documented by self-report.  

Additionally, subjects were excluded if they experienced previous training through a 

jump-landing program.  All participants read and signed an informed consent form 

approved by the affiliated university's Institutional Review Board for the protection of 

human subjects.   
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Preparatory Procedures 

Twenty-three reflective markers (0.9 cm diameter) using locations and procedures 

adapted from Vaughan et al.(Vaughan et al., 1999), Figure 3.1) were incorporated in 

order to collect three-dimensional kinematics (VICON Nexus 1.7.1, Denver, CO) of the 

lower extremity and lumbar spine at a sampling rate of 100 Hz.  Raw 3D coordinate data 

were smoothed using a fourth order no-phase-shift Butterworth low pass digital filter 

with cutoff set to 6 Hz prior to exporting for further analysis. The ground reaction force 

(GRF) data were collected at 2000 Hz using two parallel force plates positioned side-by-

side (AMTI, Watertown, MA). Electromyographic data of the right side internal oblique 

(IO), external oblique (EO), multifidus (Mf) at the first lumbar (L5) spinal level, gluteus 

maximus (GM), semitendinosus   (ST), vastus medialis (VM) and rectus femoris (RF)  

were measured using at 2000 Hz preamplified surface electrodes (Delsys Inc, Boston, 

MA). The EMG sensor signal bandwidth was 20 to 450 Hz with a 3 µV peak-to-peak 

baseline noise. The overall channel noise was less than 0.75 µV with a common-mode 

rejection ratio less than 80 dB. Each EMG sensor had 4 contacts with 5 mm by 1 mm 

dimensions and each contact was made of 99.9% silver. The skin was cleaned with 

alcohol, shaved if necessary, and then lightly abraded to reduce impedance. A standing 

static trial was recorded with subjects positioned in a neutral, standing posture to create a 

reference position for defining neutral joint angles.  

Data Collection Procedures  

Participants wore t-shirts, shorts, socks and a pair of standard athletic shoes. Prior 

to data collection, participants received instruction on performing a drop vertical jump 

and they practiced until they were comfortable with the task. The investigators of this 
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study have used utilized drop vertical jump landing sequences in previous studies that 

examined lower extremity control during both landing and ballistic responses in the 

closed chain (Hewett & Myer, 2011; Myer et al., 2005). For the drop vertical jump, 

subjects stood with their toes at the edge of a 0.30 m box. The drop vertical jump trial 

was initiated when the subject stepped forward with the right foot and dropped down off 

the box, with each foot landing simultaneously on separate force platforms.  The landing 

was immediately followed by a maximum vertical jump, in which the subject reached 

with both arms overhead to a maximum achievable jump elevation.   

Subjects performed a total of twelve successful 0.30 m drop vertical jump trials: 

three trials with and without abdominal muscle contraction and three trials with and 

without abdominal muscle contraction in a fatigued condition. Nine of these twelve trials 

included abdominal contraction or fatigue. Analysis of these nine trials were excluded 

from the current study but are reported elsewhere (Chapter V). The three trials that did 

not include abdominal contraction or fatigue were retained and averaged to represent 

each subject's performance. A successful trial was defined to occur when a subject 

dropped down off the box, landed with each foot on a separate force platform, and   

performed a maximum vertical jump.   

Data Reduction  

All raw data were exported from the Vicon Nexus video system and imported into 

a custom laboratory algorithm using Matlab (Mathworks Inc., Natick, MA) for 

processing. The EMG data were filtered between 20 and 450 Hz with a fourth order no-

phase-shift Butterworth band-pass digital filter. The current study included 32 kinematic, 
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11 kinetic and six EMG dependent variables as follows: kinematic time histories 

including sagittal, frontal and transverse plane angles of the ankle, knee, lower and upper 

lumbar spine (12 time histories), and sagittal and frontal plane angles of the hip and 

pelvis (four time histories) each analyzed for their positions at initial contact and 

maximum value during the eccentric landing phase (16 time histories x two variables 

from each time history). The eccentric landing phase was defined from the instant of 

initial contact of the foot with the force platform (initial contact) until maximum knee 

flexion. Kinetic time histories included vertical GRF (one time history), sagittal and 

frontal plane moments of the ankle, knee and hip (six time histories), and sagittal plane 

powers of the ankle, knee, and hip (three time histories). The GRF data were reduced to 

two dependent variables representing impact and peak force.  The joint kinetic variables 

were reduced to nine dependent variables representing the maximum values during the 

eccentric landing phase.  The EMG data were visually analyzed for the onset times of the 

IO, Mf, GM, ST, VM and RF evaluated from the airborne phase (0.15 second prior to 

contact) to the end of the eccentric landing phase using a custom laboratory algorithm. 

The intra-rater reliability of the visual method for determining onset was examined using 

a subset of data and was excellent (ICC = 0.974-0.977; p = 0.001) when evaluated for 

two muscles. 

Statistical Analyses 

  Pearson product-moment correlations were used to calculate intercorrelations 

among 49 variables to explore and reduce the data set to a parsimonious set of variables 

that explained unique variance. Dependent variables strongly correlated to each other 

were evaluated for both logical and numerical redundancy. One dependent variable in 
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each strongly correlated pair was excluded from further analysis. The criterion value for 

redundancy was  initially set to r=0.707  or 50% explained variance (Tabachnick & 

Fidell, 1989). The criterion value was progressively adjusted with additional iterations 

until five to eight dependent variables remained.  After establishing a parsimonious set of 

variables, a separate analysis involving linear multiple regression analyses were used to 

predict maximum vertical GRF, maximum knee moment in the sagittal plane, and 

maximum ankle moment in the sagittal plane from the larger set of 26 kinematic and 

EMG variables. Two techniques were employed to select the predictor independent 

variables. First, the three kinematic or EMG independent variables that had the highest 

correlation with each dependent variable were manually identified and entered into a 

model to predict each selected kinetic variable. Second, a forward stepwise multiple 

regression model (pin = 0.05; pout = 0.10) was used to determine the best models for 

predicting the dependent variables from lower extremity kinematic and EMG predictor 

independent variables. Statistical analyses were conducted in SPSS, Version 21.0 (IBM, 

Inc, Chicago, IL). 

Results 

 The original set of 49 variables was reduced to seven variables that effectively 

accounted for much of the unique variance within the data set. Evaluation of the 

intercorrelations among the 49 variables was used to reduce the data set to seven 

variables in a five step process (Table 4.1). In the first step, the criterion for variable 

exclusion due to redundancy with another variable in accounting for data set variance 

was set to r=0.707 or 50% explained covariance.  In this step the number of variables was 

decreased from 49 to 33. The following 16 variables were excluded: ankle angles in the 
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sagittal and frontal planes at initial contact, maximum ankle angle in the frontal plane, 

maximum hip angle in the sagittal plane, maximum lower lumbar angle in the horizontal 

plane, upper lumbar angle in the horizontal plane at initial contact, maximum ankle and 

hip moments in the sagittal and frontal planes, maximum ankle, knee and hip joint 

powers, and muscle onset times for the VM, RF, and IO. 

In the second step the criterion correlation value for redundancy and exclusion 

was decreased to r=0.632 or 40% explained covariance for remaining 33 variables. In this 

step the number of variables was decreased from 33 to 28, with the following five 

variables excluded: maximum ankle angle in the horizontal plane, maximum lower 

lumbar angle in the sagittal plane, maximum hip angle in the frontal plane, lower lumbar 

angle in the frontal plane at initial contact, and maximum knee moment in the frontal 

plane. 

In the third step the criterion correlation value for redundancy and exclusion was 

decreased to r=0.548 or 30% explained covariance for the remaining 28 variables. In this 

step the number of variables was decreased from 28 to 23, with the following five 

variables excluded: knee angle in the sagittal plane at initial contact, maximum lower 

lumbar angle in the frontal plane, maximum upper lumbar angle in the frontal plane, 

lower lumbar angle in the horizontal plane at initial contact, and upper lumbar angle in 

the sagittal plane at initial contact. 

In the fourth step the criterion correlation value for redundancy and exclusion was 

decreased to r=0.447 or 20% explained covariance for remaining 23 variables. In this step 

the number of variables was decreased from 23 to 13, with and the following 10 variables 
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excluded: maximum ankle angle in the sagittal plane, hip sagittal and frontal plane angles 

at initial contact, knee angle in the horizontal plane at initial contact, maximum knee 

angle in the horizontal plane, pelvic angle in the frontal plane at initial contact, GM onset, 

Mf onset, maximum upper lumbar angle in the horizontal plane, and GRF impact.  

In the final step the criterion correlation value for redundancy and exclusion was 

decreased to r=0.316 or 10% explained covariance for remaining 13 variables. In this step 

the number of variables was decreased from 13 to seven, with the following six variables 

excluded: maximum upper lumbar angle in the sagittal plane, upper lumbar angle in the 

frontal plane at initial contact, maximum pelvic angle in the sagittal plane, ankle angle in 

the horizontal plane at initial contact, knee angle in the frontal plane at initial contact, and 

maximum knee angle in the frontal plane.  

The final set of seven variables that explained unique variance were maximum 

knee angle in the sagittal plane, maximum pelvic angle in the frontal plane, pelvic angle 

in the sagittal plane at initial contact, lower lumbar angle in the sagittal plane angle at 

initial contact, maximum knee flexion moment in the sagittal plane, maximum vertical 

GRF, and ST onset (Table 4.2).  

The manually selected kinematic variable regression models successfully 

predicted maximum vertical GRF and maximum knee moment in the sagittal plane but 

not maximum ankle moment in the sagittal plane. The variables that were used to predict 

vertical GRF were maximum knee angle in the horizontal plane, maximum hip angle in 

the frontal plane, and ankle angle in the sagittal plane at initial contact (Table 4.3). The 

coefficient of determination for this model indicated that 26.3% (p = 0.034) of the 
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variance in the dependent variable was explained by the predictor variables (Table 4.4). 

The variables that were used to predict maximum knee moment in the sagittal plane were 

maximum pelvic angle in the sagittal plane, maximum hip angle in the sagittal plane, and 

ankle angle in the horizontal plane at initial contact (Table 4.3). The coefficient of 

determination for this model indicated that 37.4% (p = 0.004) of the variance in the 

dependent variable was explained by the predictor variables (Table 4.4). The variables 

that were used to predict maximum ankle moment in the sagittal plane were maximum 

pelvic angle in the sagittal plane, maximum knee angle in the horizontal plane, and ankle 

angle in the frontal plane at initial contact (Table 4.3 & 4.4). The maximum ankle 

moment model was not statistically significant (p > 0.05). 

The second linear multiple regression technique was a forward stepwise multiple 

regression. The stepwise regression models that used lower extremity kinematic and 

EMG independent variables to predict the three kinetic dependent variables successfully 

predicted maximum vertical GRF and maximum knee moment in the sagittal plane, but 

not maximum ankle moment in the sagittal plane. The variables that were used to predict 

maximum vertical GRF were knee angle in the horizontal plane at initial contact, 

maximum knee angle in the sagittal plane, and hip angle in the sagittal plane at initial 

contact (Equation 1, Table 4.3). The coefficient of determination for this model indicated 

that 42.6% (p = 0.001) of the variance in the dependent variable was explained by the 

predictor variables (Table 4.5). The variables that were used to predict maximum knee 

moment in the sagittal plane were maximum pelvic angle in the sagittal plane, ankle 

angle in the horizontal plane at initial contact, and maximum ankle angle in the horizontal 

plane (Equation 2, Table 4.3). The coefficient of determination for this model indicated 
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that 50.3% (p = 0.001) of the variance in the dependent variable was explained by the 

predictor variables (Table 4.5). No predictor variables successfully entered the stepwise 

model to predict maximum ankle moment in the sagittal plane (p > 0.05).  

Equation 1. Vertical GRF linear regression model 
    ̂          (          )  (         )  (          )  
VGRF- Vertical ground reaction force (N), KRIC- Knee angle in the horizontal plane at initial contact (°), MKF - 

Maximum knee angle in the sagittal plane (°), HFIC - Hip sagittal plane angles at initial contact (°).  

 

Equation 2. Knee sagittal plane moment linear regression model 
(                           ̂         (         )  (         )  (        ))   
Knee sagittal plane moment (Nm), MPF - Maximum pelvic angle in the sagittal plane (°), ARIC - Ankle angle in the 

horizontal plane at initial contact (°), MAR - Maximum ankle angle in the horizontal plane (°). 

 

Discussion 

The purpose of this study was to explore the interrelationships among kinematic, 

kinetic and EMG variables to determine a parsimonious subset of dependent variables 

that explain the greatest amount of unique aspects of the data set variance during drop 

vertical jump landing in healthy people, and to predict selected kinetic variable values 

from representative kinematic and EMG variables. Interrelationships among the 49 

variables were calculated and the number of variables was reduced to a parsimonious 

subset of seven representative variables. Inclusion of most of these representative 

variables was not surprising because we expected to find variables related to knee motion 

and moments of force in the sagittal plane, knee muscular activity (hamstring muscle) 

and vertical GRF. Knee stability relies on passive connective tissue support and dynamic 

muscular responses.  The knee joint undergoes a large range of motion during landing 

(DeVita & Skelly, 1992a; Fong et al., 2011; James et al., 2006) and is the center of the 

lower extremity chain. Any changes in motion at the ankle or hip will cause 

compensatory motions at the knee joint.  Additionally, the knee absorbs most of the 
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energy during landing due to the large and numerous muscles that cross the joint (DeVita 

& Skelly, 1992a). The semitendinosus is a multiple joint muscle which affects both knee 

and hip motion, and influences tibia, femur and pelvic orientation angles.  Consequently, 

the semitendinosus was found to have a relatively large explained covariance with other 

variables representing these lower extremity segment motions and positions. Not 

surprisingly, ground reaction force was related to lower extremity joint moments and 

powers, as it is an important input parameter when calculating kinetic variables using 

inverse dynamics (Winter, 2009). Surprisingly, maximum knee angle in the sagittal plane 

was not highly correlated with vertical GRF, ST onset or maximum knee moment in the 

sagittal plane. One explanation could be that knee angle in the sagittal plane was 

determined by passive mechanical factors and was not influenced by knee flexor muscle 

activity. These findings seemingly contrast most reports from the literature (DeVita & 

Skelly, 1992a; Iida et al., 2011; Pflum et al., 2004; Zhang et al., 2000), which suggest 

stronger relationships between maximum knee flexors, vertical GRF, knee flexors muscle 

activity, and knee moments. 

 It was interesting to find that pelvic orientation and lower extremity motion 

explained most of the variance in lumbar spine motion and GM muscle activity. This 

finding is logical because the pelvis is the base of the lumbar spine and center of the 

body, so any motion of the pelvis will affect the lumbar region and lower extremity 

motion. Global and local trunk muscles are the torque generators for spinal motion and 

act like guy ropes to control spinal orientation in order to balance the external loads 

applied to the trunk and transfer load from the thorax to the pelvis (McGill, 2007). The 

antigravity joint protection mechanisms ( i.e., extensor muscles) depend not only on the 
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stiffness developed in the lumbopelvic region for weight bearing but additionally on the 

close links with the antigravity muscle support system of the trunk and the limbs 

(Richardson et al., 2004a). Controlling pelvic stabilization has been found to influence 

knee control parameters (Imwalle et al., 2009; Powers, 2010), which might also explain 

why pelvic orientation and lower lumbar motion share common variance.  We are not 

aware of any other studies that have shown these same interrelationships among 

kinematic, kinetic and EMG variables. 

Our study showed that maximum vertical GRF and maximum knee moment in the 

sagittal plane could be predicted using common kinematic variables.  We are not aware 

of any other studies that have shown this same relationship. Two techniques were used to 

develop the regression models for predicting vertical GRF, maximum knee moment in 

the sagittal plane, and maximum ankle moment in the sagittal plane: manual entry of 

dependent variables (Table 4.4) and stepwise regression (Table 4.5).  Stepwise regression 

was the more powerful method and therefore is recommended for determining clinically-

relevant relationships. Using the stepwise regression outcomes, vertical GRF (Equation. 

1) and maximum knee moment in the sagittal plane (Equation. 2) were predicted from 

kinematic variables. EMG variables were initially included in the dependent variable set, 

but none entered the final prediction models. Maximum ankle moment in the sagittal 

plane was not predicted from these same kinematics and EMG variables.  

The regression results suggest that maximum knee angle in the sagittal plane was 

the best predictor of maximum vertical GRF (Table 4.5). This contrasts our earlier 

finding from the intercorrelation analysis which showed a poor correlation between these 
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two variables. A possible explanation could be that multiple linear regression accounts 

for intercorrelations among several predictor variables, whereas bivariate correlation does 

not.  According to the regression model, increasing maximum knee flexion would cause a 

decrease in maximum vertical GRF. For example, as per Equation 1, increasing 

maximum knee flexion by 10° would cause a 219 N decrease in maximum vertical GRF.  

Conversely, decreasing maximum knee flexion by 10° would produce a 219 N increase in 

maximum vertical GRF. These results are consistent with the literature (DeVita & Skelly, 

1992a) which found that stiff landings with less knee flexion had larger vertical GRF 

magnitudes.  Knee horizontal plane angle at initial contact and hip sagittal plane angle at 

initial contact  were significant predictors of vertical GRF, as well (Table 4.5). According 

to the model, increasing knee internal rotation at initial contact would cause a decrease in 

maximum vertical GRF. For example, using Equation 1 and increasing knee internal 

rotation at initial contact by 5° would cause a 117 N decrease maximum vertical GRF. 

Similarly, decreasing hip flexion at initial contact would cause a decrease in maximum 

vertical GRF. For example, from Equation 1, decreasing hip flexion angle at initial 

contact by 10° would cause a 397 N decrease maximum vertical GRF. In the extreme 

case of simultaneously increasing maximum knee flexion by 10°, increasing maximum 

knee internal rotation by 5°, and decreasing hip flexion angle at initial contact by 10° 

would cause a 733 N decrease in maximum vertical GRF. 

Hip flexion angle at initial contact was positively related to vertical GRF whereas 

the other variables were inversely related, suggesting that less hip flexion at initial 

contact may accompany greater vertical GRF magnitudes. Presumably, a more extended 

hip at initial contact may provide a greater amount of hip joint excursion available during 
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the landing phase thereby providing an ability to absorb more energy.  Based on these 

observations, an erect landing posture at initial contact, followed by greater knee flexion 

during the landing phase is recommended to reduce vertical GRF magnitudes. These 

findings contrast the latest literature (Blackburn & Padua, 2008a) which has found that a 

less erect trunk posture during landing is associated with a reduced anterior cruciate 

ligament injury risk, although the contribution of GRF to the reported ACL injuries in 

these studies is unknown.    

The regression results suggest that maximum pelvic orientation angle in the 

sagittal plane and maximum ankle angle in the horizontal plane at initial contact are the 

best predictors of maximum knee moment in the sagittal plane (Table 4.5). According to 

the model, increasing pelvic anterior tilt angle would cause an increase in maximum knee 

flexion moment. For example, from Equation 2, increasing maximum anterior pelvic tilt 

angle by 5° would cause a 98 Nm increase maximum knee flexion moment.  Conversely, 

decreasing maximum anterior pelvic tilt angle by 5° would produce a 98 Nm decrease in 

maximum knee flexion moment. From Equation 2, increasing ankle eversion angle at 

initial contact by 10° would cause a 32 Nm increase maximum knee flexion moment.  

Maximum ankle angle in the horizontal plane also predicted maximum knee moment in 

the sagittal plane (Table 4.5). Increasing maximum ankle eversion angle by 10° would 

cause a 52 Nm decrease knee flexion moment.  In the extreme case of simultaneously 

decreasing maximum anterior pelvic tilt angle by 5°, decreasing ankle eversion angle at 

initial contact by 10°, and increasing maximum ankle eversion angle by 10°,  would 

result in a 194 Nm decrease knee flexion moment. Maximum pelvic orientation angle in 

the sagittal plane and ankle angle in the horizontal plane at initial contact were positively 
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related to knee moment in the sagittal plane, whereas maximum ankle angle in the 

horizontal plane was inversely related to the knee moment dependent variable, suggesting 

that greater anterior pelvic tilt and greater maximum ankle eversion are associated with 

less knee flexion moment magnitudes.  Therefore, landing with more maximum posterior 

pelvic tilt and maximum ankle eversion during the landing sequence may be strategies for 

reducing knee flexion moment magnitudes.  

The current study had several limitations. First, additional variables were omitted 

or unmeasured (i. e. EMG magnitude) and some omitted variables may have important 

clinical meaning. Second, we assumed that there was a linear fit for our regression 

models Non-linear relationships were not tested and may have been more realistic. Third, 

we assumed that vertical GRF, knee flexion moment, and ankle flexion moment are key 

variables related to injury based on previous knowledge; and fourth we acknowledge the 

limitations associated with inverse dynamic modeling and errors associated with the 

marker set including skin movement, system tracking error and data smoothing procedure 

error.    

In conclusion, seven biomechanical variables were found to explain unique 

aspects of the data set variance based on a systematic intercorrelational analysis.  These 

variables should be considered as dependent variables in future drop vertical jump 

landing studies.  In laboratory or clinical biomechanics settings which do not have access 

to a force platform, vertical GRF and maximum knee moment in the sagittal plane can be 

predicted moderately well from kinematic variables alone using multiple linear 

regression.  Additionally, the findings of the current study indicate that clinical and 
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training interventions should focus on increasing maximum knee flexion, maximum 

ankle eversion angle, and ankle inversion angle at initial contact, and decreasing hip 

flexion angle at initial contact, and maximum pelvic anterior tilt angle to reduce GRF and 

maximum knee moments in the sagittal plane. 



Texas Tech University Health Science Center, Ram Haddas, May 2013 

64 

Table 4.1:  Excluded Variables and their Relationships to the Final Set of 

Representative Biomechanical Variables Retained. 
Variables Retained Variables  Excluded r value 

Maximum knee sagittal plane angle Maximum hip sagittal plane angle 0.843 

 Maximum lower lumbar sagittal plane angle 0.683 

 knee sagittal plane angle at initial contact -0.565 

 Hip sagittal plane angle at initial contact 0.496 

 knee frontal plane angle at initial contact 0.337 

Maximum pelvic frontal plane angle Gluteus Maximus onset -0.461 

  Pelvic frontal plane angle at initial contact 0.460 

Pelvic sagittal plane angle at initial contact Maximum lower lumbar horizontal plane angle 0.870 

 Maximum lower lumbar frontal plane angle 0.632 

Lower lumbar sagittal plane angle at initial contact Upper lumbar sagittal plane angle at initial contact -0.580 

 Lower lumbar horizontal plane angle at initial contact 0.554 

 Maximum upper lumbar horizontal plane angle 0.518 

Maximum knee flexion moment Maximum knee sagittal plane power 0.947 

 Maximum hip sagittal plane power 0.886 

 Maximum  hip sagittal plane moment 0.830 

 Maximum  ankle sagittal plane power 0.820 

 Maximum  ankle sagittal plane moment 0.813 

 Maximum  hip frontal plane moment   0.802 

 Maximum  knee frontal plane moment   0.653 

 Maximum Pelvis frontal orientation  0.441 

 Ankle horizontal angle at initial contact  0.334 

Maximum Vertical GRF Impact 0.554 

 Maximum Knee horizontal plane angle  -0.457 

Semitendinosus onset Rectus Femoris onset  0.787 

 Vastus Medialis onset 0.779 

 Internal Oblique onset 0.709 

 Multifidus onset 0.464 

 Maximum Ankle sagittal plane angle  0.463 

 Maximum Knee frontal plane angle -0.387 

*Additional variables  were excluded  due to a second order relationship with one or more of the retained variables:  

Ankle angle in the frontal plane at initial contact, maximum ankle angle in the frontal plane, ankle angle in the frontal 

plane at initial contact, upper lumbar angle in the horizontal plane at initial contact, maximum ankle moment in the 

frontal plane, maximum ankle angle in the horizontal plane, maximum hip angle in the frontal plane, maximum lower 

lumbar angle in the frontal plane, maximum upper lumbar angle in the frontal plane, knee angle in the horizontal plane 

at initial contact, hip angle in the frontal plane at initial contact, maximum pelvis angle in the sagittal plane,  upper 

lumbar angle in the frontal plane at initial contact. 
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Table 4.2: Descriptive statistics for the representative Biomechanical variables 

Retained 
Variable Mean SD 95% CI 

Maximum knee angle in the sagittal plane (°) 65.58 17.39 59.31-71.85 

Maximum pelvic angle in the frontal plane (°) 27.97 11.04 23.99-31.95 

Pelvic angle in the sagittal plane at initial contact (°) 4.21 4.01 2.76-5.65 

Lower lumbar angle in the sagittal plane angle at initial contact (°) 9.71 14.03 4.65-14.77 

Maximum vertical GRF (N) 1336.85 572.71 1130.36-1543.33 

Maximum sagittal knee moment (Nm) 2.37 213.19 -74.64-79.39 

Semitendinosus   onset (s) 0.09 0.27 -0.01-0.20 

CI- confidence interval 

 

 

 

 

Table 4.3: Descriptive Statistics for the Biomechanical Regression Model Variables 
Variable Mean SD 95% CI 

Maximum hip frontal plane angle (°) 26.06 7.12 23.49-28.63 

Maximum knee horizontal plane angle(°) 12.81 5.87 10.69-14.93 

Ankle sagittal plane angle at initial contact (°) 28.78 16.25 22.92-34.65 

Ankle horizontal plane angle at initial contact  (°) -9.20 31.00 -20.38-1.96 

Maximum pelvic sagittal orientation angle (°) 10.59 4.98 8.80-12.39 

Maximum hip sagittal plane angle (°) 46.54 16.39 40.63-52.45 

Ankle frontal plane angle at initial contact (°) 41.73 17.84 35.30-48.17 

Knee horizontal plane angle at initial contact (°) 21.96 13.69 17.02-26.90 

Maximum knee sagittal plane angle (°) 65.58 17.39 59.31-71.85 

Hip sagittal plane angle at initial contact (°) 8.04 5.36 6.10-9.97 

Maximum pelvic sagittal orientation angle (°) 10.59 4.98 8.80-12.39 

Ankle horizontal plane angle at initial contact (°) -9.20 31.00 -20.38-1.96 

Maximum ankle horizontal plane angle (°) 33.97 13.05 29.27-38.68 

Maximum sagittal ankle moment (Nm) 139.22 190.18 70.65-207.79 

CI- confidence interval 
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Table 4.4:  Manual Entry Linear Regression Model Results  
Dependent Variable Model R2 Model p value Entered Independent variables R2 P value 

VGRF* 0.263 0.034 Maximum hip frontal plane angle  -0.386 0.032 

Maximum knee horizontal plane angle -0.379 0.042 

Ankle sagittal plane angle at initial contact -0.160 0.352 

Knee sagittal plane moment*  0.374 0.004 Ankle horizontal plane angle at initial contact 0.390 0.014 

Maximum pelvic sagittal  orientation angle 0.397 0.038 

Maximum hip sagittal plane angle 0.126 0.495 

Ankle sagittal plane moment  0.160 0.173 Maximum pelvic  orientation angle 0.235 0.191 

Ankle frontal plane angle at initial contact -0.227 0.256 

Maximum knee horizontal plane angle -0.116 0.554 

 

*p<0.05 

 

 

 

Table 4.5: Stepwise Linear Regression Model Results 
Dependent Variable Model R2 Model p value Entered Independent variables R2 P 

value 

VGRF 0.426 0.001 Maximum knee sagittal plane angle  -0.665 0.001 

Knee horizontal plane angle at initial contact -0.560 0.001 

Hip sagittal plane angle at initial contact 0.372 0.034 

Knee sagittal plane moment  0.503 0.001 Ankle horizontal plane angle at initial contact  0.464 0.002 

Maximum pelvic sagittal orientation angle 0.456 0.002 

Maximum ankle horizontal plane angle -0.381 0.009 

Angle sagittal plane moment #     

 

# No variables entered the prediction model. 
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CHAPTER V 

 EFFECT OF VOLITIONAL SPINE STABILIZATION AND LOWER EXTREMITY 

FATIGUE ON LANDING PERFORMANCE IN A RECURRENT LOW BACK PAIN 

POPULATION 

Abstract  

 Lower extremity injury during dynamic physical activity is a significant problem 

in society. A volitional preemptive abdominal contraction (VPAC) is commonly used to 

improve lumbar spine stabilization and reduce pelvic motion in individuals who have 

spine dysfunction. Fatigue serves as a major risk for injury that alters muscle shock 

absorbing capacity and coordination of the locomotor system. The purpose of this study 

was to determine whether volitional spine stabilization strategies can reduce the effects of 

lower extremity fatigue on lower extremity and trunk mechanics and neuromuscular 

control during landing in people who have recurrent low back pain.  Subjects performed a 

drop vertical jump with and without VPAC and fatigue. Volitional preemptive abdominal 

contraction and fatigue altered landing mechanics in the healthy and LBP subject groups 

and there were differences between groups. Semitendinosus onset exhibited a significant 

(p=0.001) three-way interaction effect between subject groups, and the VPAC and fatigue 

conditions. Maximum pelvic obliquity angle exhibited a significant (p=0.045) two-way 

interaction effect between VPAC and fatigue conditions. Our results provide evidence 

that a VPAC strategy that is performed during a fatigued landing decreases exposure to 

biomechanical factors that may contribute to lower extremity injury. Incorporating VPAC 

during stressful activities, with and without the presence of fatigue, appears to improve 

sensorimotor control and facilitate positioning of the lower extremity, while protecting 
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the lumbar spine.  Clinicians can use this information when designing neuromuscular 

control training programs for people who have recurrent LBP to improve lower extremity 

control, spine stability, and potentially decrease injury risk. 

Introduction 

Lower extremity injuries and low back pain pervade everyday life. Along with 

injuries come the unavoidable physical, emotional, and economic costs, along with lost 

time and normal function (Whiting & Zernicke, 2008).  Ankle sprains, anterior cruciate 

ligament  (ACL) injuries, and hamstring muscle strains are the most common sports 

injuries accounting for 15%, 2.6%, and 8-25% of reported sports injuries, respectively 

(Heiderscheit et al., 2010; Hootman et al., 2007). Low back pain (LBP) can significantly 

influence an individual's quality of life and will affect between 60-80% of the population 

(Indahl et al., 1995). Additionally, LBP can alter functional ability and increase the risk 

of lower extremity injury (Zazulak et al., 2007). Failure of the abdominal and lumbar 

musculature to provide adequate support to the lumbar spine during loaded positions and 

movements is considered a contributing factor to the persistence of low back pain (LBP) 

and dysfunction. Biomechanics research suggests that people with recurrent LBP lack 

preparatory spinal stabilizing contractions (Richardson et al., 2004b). Individuals with 

LBP demonstrate impaired postural control, delayed muscle reflex latencies, and 

abnormalities in trunk muscle recruitment patterns. Additionally, decreased 

neuromuscular control of the spine appears to influence dynamic stabilization of the knee 

joint and increases lower extremity injury risk (Zazulak et al., 2007). Therefore, LPB is a 

significant predictor of knee injury and impaired lower extremity control (Zazulak et al., 

2007).  
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Spine stabilization can be defined as a synergy between spine stiffness and spine 

sensorimotor control.  Spine instability results from buckling of the spine during trunk 

compressive force (Richardson et al., 2004a). A volitional preemptive abdominal 

contraction (VPAC) is commonly used to improve lumbar spine stabilization and reduce 

pelvic motion in individuals with spine dysfunction. A commonly used VPAC strategy is 

the abdominal bracing maneuver, which produces a global trunk muscle contraction 

(McGill, 2007). The VPAC has been investigated during landing maneuvers, with 

conflicting results regarding lower extremity control and the ability to reduce injury risk 

when landing from different heights (Haddas et al., 2012; Hooper et al., 2012). 

Abdominal muscle activation influences lower extremity motion control and potentially 

reduces the risk of injury (Haddas et al., 2012). Recruitment of the trunk muscles is 

necessary during landing in order to control trunk momentum and increase intra-

abdominal pressure, which can improve spine stabilization (Iida et al., 2011). 

Fatigue serves as a major risk for injury that alters muscle shock absorbing 

capacity and coordination of the locomotor system (James et al., 2010). Fatigue 

originates from combined physiological mechanisms occurring at the central and 

peripheral levels (Cairns et al., 2005). Fatigue can affect neuromuscular input pathways, 

commonly observed as proprioceptive alterations (Miura et al., 2004), as well as 

neuromuscular output pathways, as evidenced through a delay in muscle response. 

Fatigue may cause a reduction in maximum voluntary muscle force and work capacity, 

altered movement control, and delayed muscle reaction time during the performance of 

dynamic maneuvers. Muscle fatigue has been linked to a variety of lower extremity 

injuries (Arndt et al., 2002).  Muscle fatigue has been found to moderate lower limb 
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muscle activation patterns during landing via altering muscle burst onset, duration, and 

intensity, as well as the ability of the lower limb muscles to absorb repetitive shock or 

stress (Arendt-Nielsen & Sinkjaer, 1991; Edwards et al., 2010; Hortobagyi et al., 1991). 

The effects of spine stabilization on people with recurrent low back pain are well 

documented (Zazulak et al., 2007). Recurrent LBP has been established in the literature 

as a significant predictor for lower extremity injury (Zazulak et al., 2007). Additionally, 

the effects of fatigue on performance and injury risk are well documented (James et al., 

2010). However, there is limited literature on whether spine stabilization strategies can 

diminish the effects of fatigue on lower extremity control and decrease the risk of injury 

during landing in people with low back pain. The purpose of this study was to test the 

hypothesis that volitional spine stabilization strategies would modulate the effects of 

lower extremity fatigue on lower extremity and trunk mechanics, as well as 

neuromuscular control during landing in people with and without recurrent low back 

pain.   

Methods 

Design 

A mixed three factor design was used to determine the effects of low back pain 

(healthy vs. LBP), abdominal contraction condition (VPAC vs. no VPAC), and lower 

extremity fatigue (fatigue and no fatigue). The within-subjects factors were abdominal 

contraction and fatigue condition, and the independent factor was subject group. 

The sample size needed in this study to approach 80% statistical power was 

estimated from the data of previous literature that examined landing (Haddas et al., 2012; 
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James et al., 2010; MacDonald et al., 2010). An effect size index of f = 0.40 was 

estimated.  With a desired power of 80% (1 - β = 0.80) and desired α = 0.05, this effect 

size index would require a minimum sample size of 26 per group (Portney & Watkins, 

2009).   

Sample 

Eighteen healthy male and 15 healthy female (age = 20.94 ± 2.27 years, height = 

1.69 ± 9.62 m, mass = 71.18 ± 14.50 kg), 17 LBP male, and 15 LBP female (age = 21.16 

± 2.77 years, height = 1.69 ± 13.02 m, mass = 74.47 ± 14.22 kg) subjects participated. All 

subjects were between the ages of 18 and 35 years and were moderately active based on 

their  scores  on a physical activity level scale (Huston & Wojtys, 1996). Volunteers were 

excluded if they had a history of knee pain in the previous two years, history of surgery to 

the knee or lumbar spine, active abdominal or gastrointestinal conditions, or pregnancy, 

all documented by self-report.  Additionally, subjects were excluded if they experienced 

previous training through a jump-landing program.  An additional inclusion criterion for 

the recurrent LBP group was a history of recurrent LBP that was intermittent, unilateral 

or bilateral symptoms between T12 and the mid-thigh. At the time of testing, subjects 

were to be in a period of remission from their LBP symptoms (MacDonald et al., 2010). 

All participants read and signed an informed consent form approved by the affiliated 

university's Institutional Review Board for the protection of human subjects.   

Preparatory Procedures 

Twenty-three reflective markers (0.9 cm diameter) using locations and procedures 

adapted from Vaughan et al.(Vaughan et al., 1999); Figure 3.1) were incorporated in 
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order to collect three-dimensional kinematics (VICON Nexus 1.7.1, Denver, CO) of the 

lower  extremity and lumbar spine at a sampling rate of 100 Hz.  The convention for 

positive angles was flexion, abduction and external rotation. Raw 3D coordinates were 

smoothed using a fourth order no-phase-shift Butterworth low pass digital filter with 

cutoff set to 6 Hz prior to exporting for further analysis. The ground reaction force (GRF) 

data were collected at 2000 Hz using two parallel force plates positioned side-by-side 

(AMTI, Watertown, MA). Electromyographic data from the right side internal oblique 

(IO), external oblique (EO), and multifidus (Mf) at the first lumbar (L5) spinal level, as 

well as the right side gluteus maximus (GM), semitendinosus (ST), vastus medialis (VM) 

and rectus femoris (RF) were measured using preamplified at 2000 Hz surface electrodes 

(Delsys Inc, Boston, MA). The EMG sensor signal bandwidth was 20 to 450 Hz with a 3 

µV peak-to-peak baseline noise. The overall channel noise was less than 0.75 µV  with a 

common-mode rejection ratio less than 80 dB.  Each EMG sensor had 4 contacts with 5 

mm by 1 mm dimensions and each contact was made of 99.9% silver. The skin was 

cleaned with alcohol, shaved as necessary, and then lightly abraded to reduce impedance. 

Subjects were instructed to place their first webspace of each hand over the respective 

iliac crest. Once placed, the subject was then asked to ‘make their lower trunk wider’ 

while continuing with diaphragmatic respiration (Haddas et al., 2012; Hooper et al., 

2012; Matthijs et al., 2012). Static trials were recorded with subjects positioned in a 

neutral, standing posture to create a reference position for defining neutral joint angles.  

Data Collection Procedures  

Participants wore t-shirts, shorts, socks and a pair of standard athletic shoes. Prior 

to data collection, participants received instruction about performing drop vertical jump 
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trials and were allowed to practice until they were comfortable with the task.  Previous 

investigators have utilized drop vertical jump landing sequences to represent lower 

extremity control during both landing and ballistic responses in the closed chain (Hewett 

& Myer, 2011; Myer et al., 2005)  For the drop vertical jump, subjects stood with their 

toes at the edge of a 0.30 m box.  The drop vertical jump trial was initiated when the 

subject stepped forward with the right foot and dropped down off the box, simultaneously 

landing on a separate force platform with each foot.  The landing was immediately 

followed by a maximum vertical jump, where the subject reached with both arms 

overhead to a maximum achievable height.   

Subjects performed a series of twelve DVJ trials. Six trials were performed with 

and without VPAC (three each). The VPAC conditions were presented in random order. 

After completion of the six successful DVJ trials, the subjects performed a fatigue 

protocol. The fatigue protocol included dynamic squatting in squat machine with 15% of 

body weight until task failure (Hunter et al., 2004; Maluf & Enoka, 2005) was achieved, 

defined as altered squat performance or inability or unwillingness to continue. Then, 

subjects performed another series of six DVJ trials, performing three trials each with and 

without VPAC, presented in a random order.  The contractile states of the abdominal 

muscles were verified visually by the investigator via a review of the recorded EMG data 

(EO and IO) during each trial. 

Data Reduction  

All raw data were exported from the Vicon Nexus system and imported into a 

custom Matlab program (Mathworks Inc., Natick, MA) for processing. All kinetic 
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variables were normalized to body weight and the joint moment variables were also 

normalized to body height. The EMG data were band-pass filtered between 20 and 450 

Hz with a fourth order no-phase-shift Butterworth band pass digital filter.  The filtered 

EMG data were analyzed to manually determine muscles onset.  The custom onset 

analysis algorithm was developed using MATLAB. The intra-rater reliability of the 

visual method for determining onset was examined using a subset of data and was 

excellent (ICC = 0.974-0.977; p = 0.001) when evaluated for two muscles. 

The current study included two statistical families of dependent variables. The 

first group included maximum knee angle in the sagittal plane, maximum pelvic angle in 

the frontal plane, pelvic angle in the sagittal plane at initial contact, maximum knee 

flexion moment in the sagittal plane, maximum vertical GRF, and semitendinosus onset. 

These variables were selected from a larger set of 49 kinematic, kinetic and EMG 

variables and were found to represent a parsimonious set of dependent variables for 

landing (Chapter IV). The second statistical family included sagittal, frontal and 

transverse plane angles of the lumbar spine and thoracic spine analyzed for their position 

at initial contact and their maximum angles during the eccentric landing phase. These 

variables were included in order to determine more detailed information about segmental 

spine motion during landing. The eccentric landing phase was defined from the moment 

of initial contact of the foot with the force platform until maximum knee flexion. 

Statistical Analyses 

A 2x2x2 mixed ANOVA was used to determine differences between the 

abdominal contraction, fatigue, and group independent variables for each dependent 
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variable. Appropriate alpha correction was made within each statistical family using 

Holm-Sidak correction for the multiple dependent variables (Glantz, 2011). Follow-up 

tests were conducted as necessary, with alpha correction at each step. Statistical analyses 

were conducted using SPSS, Version 21.0 (IBM, Inc, Chicago, IL). 

Results 

Volitional preemptive abdominal contraction and fatigue altered landing 

mechanics in the healthy and LBP subject groups, and there were differences between 

groups. All dependent variables were assessed for distribution normality using the 

Shapiro-Wilk test (p-value range: 0.05 to 0.78 and W statistic range: 0.71 to 0.98 for 

healthy subjects, and p-value range: 0.02 to 0.86 and W statistic range: 0.78 to 0.98 for 

LBP subjects). All subjects were able to learn and perform the VPAC activity based on 

visual inspection of the EMG recordings of the IO and EO muscles. Additionally, all 

subjects performed the fatiguing activity until task failure. The number of repetitions to 

achieve task failure varied by group (H: 135±70 repetitions, range: 48-310 repetitions, 

time: 5:14±2:36 min; LBP: 103±47 repetitions, range: 30-230 repetitions, time: 

4:02±1:54 min). 

Semitendinosus onset exhibited a significant three-way interaction effect between 

subject groups, and the VPAC and fatigue conditions (p=0.001, ηp
2
=0.162,where ηp

2 
is a 

statistical expression of the effect size and represents the magnitude of a relationship 

between two variables based on proportional relationship of the difference to the variance 

(Portney & Watkins, 2009). No other variables exhibited a significant three-way 

interaction effect.  Follow-up analyses were conducted to examine the significant three-
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way interaction effect for the ST onset variable and consisted of calculating six 2 x 2 

ANOVAs with all combinations of  group, VPAC and fatigue conditions. Three of these 

ANOVAs exhibited significant two-way interaction effects and three did not.  Those that 

exhibited significant two-way interaction effects were further examined for simple main 

effects, while those without significant interaction were examined for main effects, as 

described below. 

 Semitendinosus onset exhibited significant two-way interaction effects for three 

of the six 2 x 2 follow-up ANOVAs. Semitendinosus onset exhibited a significant two-

way interaction effect between the VPAC and fatigue conditions in the healthy group 

(p=0.001, ηp
2
=0.330) with onset occurring before contact in both fatigue conditions with 

VPAC and after contact in both fatigue conditions without VPAC (Table 1; Figure 5.1). 

In addition, semitendinosus onset exhibited a significant two-way interaction effect 

between group and VPAC condition during fatigue (p=0.018, ηp
2
=0.087) with 

semitendinosus onset occurring before contact in both groups with VPAC and after 

contact in both groups without VPAC (Table 1; Figure 5.2). Furthermore, semitendinosus 

onset exhibited a significant two-way interaction effect between group and fatigue 

condition  during VPAC (p=0.004, ηp
2
=0.126)  with semitendinosus onset  occurring 

before contact in both groups with  and without fatigue, but later and with less change 

due to fatigue in the LBP group compared to the healthy group  (Table 1; Figure 5.3). 

Semitendinosus onset exhibited several significant simple main effects. 

Semitendinosus onset was significantly different between the VPAC conditions without 

(p=0.001, ηp
2
=0.774) and with (p=0.001, ηp

2
=0.616) fatigue in the healthy group. 
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Semitendinosus onset occurred before contact with VPAC but after contact without 

VPAC in both fatigue conditions (Table 1; Figure 5.1). Additionally, semitendinosus 

onset was significantly different between VPAC conditions in both the healthy (p=0.001, 

ηp
2
=0.616) and LBP (p=0.001, ηp

2
=0.682) groups with fatigue. Semitendinosus onset 

occurred before contact with VPAC but after contact without VPAC (Table 1; Figure 

5.2). Moreover, semitendinosus onset was significantly different between the fatigue 

conditions in the healthy (p=0.001, ηp
2
=0.724) and LBP (p=0.001, ηp

2
=0.440) groups in 

the VPAC condition. Semitendinosus onset occurred before contact but earlier in both 

groups without fatigue compared to with fatigue (Table 1; Figure 5.3). 

Semitendinosus onset exhibited significant main effects for three of the six 2 x 2 

follow-up ANOVAs. Semitendinosus onset was significantly earlier with VPAC 

(p=0.001, ηp
2
=0.519) and significantly later with fatigue (p=0.001, ηp

2
=0.771) in the LBP 

group (Table 5.1). Additionally, semitendinosus onset was significantly earlier with 

VPAC (p=0.001, ηp
2
=0.761) and later in the LBP group (p=0.001, ηp

2
=0.177) without 

fatigue (Table 5.1). Finally, semitendinosus onset was significantly different between 

fatigue conditions (p=0.001, ηp
2
=0.405) and groups (p=0.001, ηp

2
=0.202) without VPAC 

(Table 5.1). 

Maximum pelvic obliquity angle exhibited a significant two-way interaction 

effect between VPAC and fatigue conditions (p=0.045, ηp
2
=0.063). Maximum pelvic 

obliquity angle was greater in the fatigue condition than in the no fatigue condition both 

with   and without VPAC, but the difference between fatigue conditions was less with 
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VPAC (Table 1; Figure 5.4). No other significant two-way interactions were observed for 

this variable. 

The VPAC altered spine kinematics during landing resulting in two significant 

main effects. Maximum lower lumbar frontal plane angle was significantly less (p=0.002, 

ηp
2
=0.150) with VPAC (Table 5.2). Similarly, maximum upper lumbar frontal plane 

angle was significantly less (p=0.001, ηp
2
=0.156) with VPAC (Table 5.2).  

Fatigue altered landing mechanics resulting in two significant main effects. 

Vertical GRF was significantly less (p=0.001, ηp
2
=0.202) with fatigue (Table 1). 

Maximum lower lumbar frontal plane angle was significantly less (p=0.001, ηp
2
=0.166) 

with fatigue (Table 2). No other main effects were observed. 

Discussion 

The purpose of this study was to determine whether volitional spine stabilization 

strategies modulate the effects of lower extremity fatigue on lower extremity and trunk 

mechanics, as well as neuromuscular control during landing in people with and without 

recurrent low back pain. Our findings demonstrated that, when performing VPAC during 

0.30 m drop vertical jump, subjects encountered a significantly earlier ST activation 

when compared to the no VPAC condition. Additionally, the semitendinosus was 

activated prior to contact with VPAC, both with and without fatigue, compared to when 

VPAC was not present. However, regardless of the VPAC condition, fatigue resulted in a 

delayed semitendinosus onset, which is consistent with other reports in the literature 

(Arendt-Nielsen & Sinkjaer, 1991). Most importantly, the semitendinosus activation was 

delayed in the LBP group compared to the healthy group, which supports previous 
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reports (Hodges & Richardson, 1996; Richardson et al., 2004a; Zazulak et al., 2007) and 

suggests that our current LBP sample was representative of a clinical LBP population 

exhibiting neuromuscular impairment.  

As expected, fatigue significantly delayed ST onset. This finding is consistent 

with the literature that suggests people with fatigue have a delay in muscle activity 

(Ferreira et al., 2009; Hodges & Richardson, 1996; Richardson et al., 2004b; Zazulak et 

al., 2007; Zhou et al., 1998b).The differences observed with fatigue were exacerbated in 

subjects with LBP, who showed both a greater delay and a greater change in the delay 

between the fatigue conditions compared to the healthy subject group. This finding is 

consistent with the literature that suggests that people with recurrent LBP have muscle 

delays compared to healthier subjects (Ferreira et al., 2009; Hodges & Richardson, 1996; 

Richardson et al., 2004b; Zazulak et al., 2007). Our findings  do not support the literature 

which  report a delay in trunk muscle onset in people with LBP (Hodges & Richardson, 

1996; Richardson et al., 2004b). One explanation could  relate to the nature of the landing 

maneuver in which the ballistic loading response caused the body to prepare 

(feedforward) prior to contact (Schmidt & Lee, 2011).  

The VPAC condition demonstrated significantly earlier ST onsets versus the no-

VPAC condition with and without fatigue in both subject groups. This finding is 

consistent with previous literature that has reported that incorporating VPAC during drop 

vertical jump landings may enhance pelvic stability, help improve lower quarter 

positioning and sensorimotor control, and reduce ACL injury risk while protecting the 

lumbar spine (Haddas et al., 2012). Additionally, results from the current study suggest 
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that the VPAC condition resulted in significantly earlier ST onsets versus the no VPAC 

condition in both subject groups in the fatigue condition.  Significant main effects of 

VPAC were found in lower and upper lumbar side- flexion. However, while the changes 

were significantly different, none were greater than two degrees and, therefore, may not 

be clinically meaningful.  The use of a VPAC strategy appeared to reduce the negative 

effects of fatigue on ST onset, suggesting that the protective mechanism offered by the 

ST is, at least in part, sustained in the presence of fatigue. This could have positive 

implications for injury prevention, especially in individuals who suffer from LBP, where 

the VPAC appeared to create a greater positive influence on ST onset during the fatigue 

condition compared to the healthy subjects. This finding suggests that a VPAC strategy 

creates a protective response in at least one knee muscle that is thought to contribute to 

knee stability and ACL protection (Haddas et al., 2012) during a landing sequence.  

Based on our results, the VPAC appears to create a protective advantage for the 

knee and lumbar spine as suggested by the earlier ST activation in the VPAC conditions 

during the 0.30 m drop vertical jump landing, which could potentially translate into 

injury prevention if a perturbation is encountered during the landing task. In addition, 

these changes suggest that the neuromuscular system may be better prepared prior to 

initial ground contact for encountering the stresses imposed by the landing sequence. 

Moreover, based on the upper and lower lumbar kinematic findings, the VPAC appeared 

to help sustain the natural lumbar curve in both groups during the landing task. 

Our results support the reports from the literature that fatigue alters landing 

mechanics (Gandevia, 2001; James et al., 2010; Miura et al., 2004b; Zhou et al., 1998b). 
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Fatigue appeared to increase pelvic obliquity motion in both groups, but was significantly 

reduced when VPAC was introduced. This suggests that VPAC can reduce the negative 

influence that fatigue has on trunk stability and control during a ballistic loading response 

such as landing. Our results support the use of VPAC to improve lumbar spine 

stabilization and reduce pelvic motion in individuals with spine dysfunction (Grenier & 

McGill, 2007; Vera-Garcia, Moreside, & McGill, 2011 ). Such findings could lend to 

injury prevention by reducing the deleterious effects of uncontrolled motion on the trunk 

during heavy ballistic loading.  

Vertical GRF was less in the fatigue condition in both groups due to limited 

muscle preparation prior to contact resulting in an impaired ability to stiffen and control 

the lower extremity during the eccentric landing phase (James et al., 2006).  

In addition to the observed statistically significant effects, several effects were 

below the traditional threshold of α = 0.05, but were not interpreted to be significant due 

to the Holm-Sidak alpha adjustment. Maximum knee moment in the sagittal plan 

exhibited an interaction between VPAC and fatigue conditions (p=0.032, ηp
2
=0.072, 

Power=0.579). This knee moment variable displayed a flexion tendency with fatigue and 

VPAC in the no fatigue condition and an extension tendency without fatigue and with 

VPAC in the fatigue condition (Table 5.1), suggesting a protective response at the knee 

complex aimed at adapting to the fatigue event by increasing the potential for shock 

absorption.  Additionally, maximum pelvic obliquity orientation angle exhibited an 

interaction between group and fatigue conditions (p=0.043, ηp
2
=0.065, Power=0.531).  

This pelvic obliquity angle was found to have less obliquity in individuals with LBP and 
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greater obliquity in the fatigue condition. Furthermore, fatigue produced more flexion, 

side flexion and rotation movement in the lumbar region and less sensorimotor control on 

the spine.  Maximum lower lumbar angle in the sagittal plane (p=0.018, ηp
2
=0.087, 

Power=0.670), maximum upper lumbar angle in the horizontal plane  (p=0.019, 

ηp
2
=0.086, Power=0.670), lower lumbar angle in the sagittal plane  at initial contact 

(p=0.031, ηp
2
=0.073, Power=0.662), and the upper lumbar angle in the frontal plane at 

initial contact (p=0.039, ηp
2
=0.067, Power=0.548) were different between fatigue 

conditions relative to the traditional alpha threshold, but not significant with the 

conservative alpha level correction (Table 5.2). These variables should be examined 

further in future studies.  

The VPAC can alter lower extremity neuromuscular control and improve pelvic 

and spine stabilization during a 0.30 m drop vertical jump in healthy individuals (Haddas 

et al., 2012; Oh et al., 2007; Park et al., 2011). Moreover, some evidence suggests that 

lower extremity injury risk may increase when individuals are suffering from low back 

pain and while under the influence of fatigue (Zazulak et al., 2007). The use of a VPAC 

appears to improve spinal stability (Grenier & McGill, 2007; Haddas et al., 2012), as well 

as reduce spine injury incidence and injury recurrence (Hides, Jull, & Richardson, 2001b; 

McGill, 2010). Therefore, VPAC performance may reduce lower extremity injury 

potential in people who have LBP by changing control parameters in the knee, pelvic and 

lumbar region, and also by reducing the onset and recurrence of LBP. Based on the 

influence of these parameters on reducing the onset and recurrence of LBP, individuals 

may be at lower risk of such events when using a VPAC strategy for spinal stabilization.  
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Our study had several limitations. First, subjects in our study were given a limited 

time to learn the VPAC.  Hall et al. (Hall, Tsao, MacDonald, Coppieters, & Hodges, 

2009) found that a single session of VPAC training did not improve EMG amplitudes of 

the IO, EO, and ES during rapid arm movement or walking in subjects with recurrent 

LBP.  Although our healthy subjects were free from LBP, one training session may not 

have been sufficient to optimize learning and performance of the VPAC.  However, the 

visual increase in EO an IO activity during the VPAC condition suggests the subjects 

were able to increase trunk muscle activity when attempting such a strategy, thus 

overriding any disadvantage. Although, EMG reliability for manual onset analysis was 

excellent, we still recognize visual onset analysis as potential limitation. Additionally, we 

acknowledge limitations associated inverse dynamic modeling using the marker set 

including skin movement, anthropometric model, system tracking error and data 

smoothing procedure error.    

In conclusion, our results provide evidence that a VPAC strategy that is 

performed during a fatigued landing sequence decreases exposure to biomechanical 

factors that can contribute to lower extremity injury. This apparent protective response is 

present in both healthy and LBP individuals when landing from a 0.30 m height.  

Incorporating VPAC during dynamic stressful activities, with and without the presence of 

fatigue, appears to help improve sensorimotor control and facilitate positioning of the 

lower extremity, while protecting the lumbar spine.  Clinicians can use this information 

when designing neuromuscular control training programs for people who have recurrent 

LBP to improve lower extremity control, spine stability, and response to a fatiguing 

activity, thus potentially decreasing injury risk. 
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Table 5.1: Descriptive Statistics for Lower Extremity and Ground Reaction Force Variables. 

 

  

  Healthy Recurrent Low Back Pain 

Variable Condition Mean SD 95%  CI Mean SD 95% CI 

Semitendinosus onset (sec) No Fatigue No VPAC .009 .027 -.000-.019 .022 .022 .013-.030 

No Fatigue VPAC -.072 .035 -.084-(-.059) -.039 .039 -.054-(-.025) 

Fatigue No VPAC .035 .017 .029-.042 .062 .040 .047-.076 

Fatigue VPAC -.006 .025 -.015-.003 -.004 .031 -.015-.006 

Maximum knee flexion angle (°) No Fatigue No VPAC 64.06 16.74 58.02-70.10 58.03 12.31 53.59-62.46 

No Fatigue VPAC 63.01 17.42 56.72-69.29 56.88 10.58 53.06-60.69 

Fatigue No VPAC 65.51 16.16 59.68-71.33 57.83 11.89 53.54-62.12 

Fatigue VPAC 64.62 16.53 58.66-70.58 58.02 13.31 52.22-62.830 

Maximum pelvic obliquity orientation 

angle (°) 

No Fatigue No VPAC 27.97 11.04 23.99-31.95 26.42 10.04 22.80-30.04 

No Fatigue VPAC 28.68 11.64 24.48-32.88 26.90 11.16 22.88-30.93 

Fatigue No VPAC 30.53 11.19 26.50-34.57 28.72 11.53 24.56-32.88 

Fatigue VPAC 30.23 11.53 26.07-34.39 26.20 10.55 22.39-30.01 

Pelvic sagittal orientation angle at initial 

contact (°) 

No Fatigue No VPAC 4.21 4.01 2.76-5.65 4.59 2.46 3.70-5.48 

No Fatigue VPAC 5.45 4.76 3.73-7.17 4.90 3.03 3.81-5.99 

Fatigue No VPAC 4.97 2.86 3.94-6.00 5.01 3.09 3.89-6.13 

Fatigue VPAC 4.62 2.90 3.58-5.67 5.65 7.62 2.90-8.40 

Maximum vertical GRF (N/Kg) No Fatigue No VPAC 18.79 6.63 16.40-21.18 18.49 6.51 16.14-20.84 

No Fatigue VPAC 19.80 6.49 17.46-22.14 18.56 6.14 16.35-20.78 

Fatigue No VPAC 16.29 5.23 14.41-18.18 16.81 5.26 14.92-18.71 

Fatigue VPAC 16.87 4.08 15.39-18.34 16.52 5.17 14.68-18.37 

Maximum sagittal knee moment 

(Nm/Kg*m) 

No Fatigue No VPAC -0.18 4.96 -1.97-1.60 -1.06 2.92 -2.12-(-0.01) 

No Fatigue VPAC 0.32 5.39 -1.62-2.26 -0.65 3.44 -1.89-0.58 

Fatigue No VPAC 0.58 4.64 -1.09-2.26 0.28 2.90 -0.76-1.33 

Fatigue VPAC 0.19 3.22 -0.96-1.36 -0.29 2.89 -1.34-0.74 
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Table 5.2: Descriptive Statistics for Spine Kinematic Variables. 

  Healthy Recurrent Low Back Pain 

Variable Condition Mean SD 95% CI Mean SD 95% CI 

Maximum lower lumbar sagittal plane 

angle (°) 

No Fatigue No VPAC 15.79 9.01 12.54-19.04 14.45 9.05 11.19-17.72 

No Fatigue VPAC 16.69 10.45 12.92-20.46 15.92 9.65 12.44-19.40 

Fatigue No VPAC 17.62 8.03 14.73-20.52 16.69 9.79 13.16-20.22 

Fatigue VPAC 18.26 8.98 15.02-21.50 17.56 11.34 13.47-21.65 

Lower lumbar sagittal plane angle at 

initial contact (°) 

No Fatigue No VPAC 9.71 14.03 4.65-14.77 9.67 12.54 5.14-14.19 

No Fatigue VPAC 9.03 14.03 3.97-14.09 8.88 12.52 4.36-13.40 

Fatigue No VPAC 10.40 15.45 4.83-15.98 11.89 13.77 6.92-16.86 

Fatigue VPAC 10.09 14.85 4.74-15.45 10.96 12.71 6.38-15.55 

Maximum lower lumbar frontal plane 

angle (°) 

No Fatigue No VPAC -16.97 13.97 -22.01-(-11.93) -21.11 16.20 -26.95-(-15.27) 

No Fatigue VPAC -17.66 14.37 -22.85-(-12.48) -22.98 15.54 -28.58-(-17.37) 

Fatigue No VPAC -14.44 12.74 -19.03-(-9.84) -19.31 16.21 -25.16-(-13.47) 

Fatigue VPAC -15.97 13.24 -20.75-(-11.20) -20.90 15.69 -26.56-(-15.25) 

Lower lumbar frontal plane angle at 

initial contact (°) 

No Fatigue No VPAC 9.24 4.56 7.59-10.88 8.96 3.58 7.67-10.25 

No Fatigue VPAC 10.04 4.28 8.49-11.58 8.66 4.95 6.87-10.45 

Fatigue No VPAC 10.23 6.43 7.91-12.55 9.47 4.44 7.87-11.07 

Fatigue VPAC 9.60 6.70 7.18-12.01 9.27 6.71 6.85-11.69 

Maximum lower lumbar horizontal 

plane angle (°) 

No Fatigue No VPAC 4.92 3.67 3.60-6.25 5.09 2.72 4.11-6.07 

No Fatigue VPAC 5.20 4.69 3.51-6.89 5.30 4.46 3.69-6.91 

Fatigue No VPAC 4.90 2.68 3.93-5.86 5.48 3.52 4.20-6.75 

Fatigue VPAC 5.01 3.13 3.88-6.14 5.09 2.89 4.05-6.14 

Lower lumbar horizontal plane angle at 

initial contact (°) 

No Fatigue No VPAC 21.74 22.78 13.53-29.96 28.63 15.07 23.19-34.07 

No Fatigue VPAC 20.43 22.12 12.45-28.40 27.87 14.49 22.653-33.10 

Fatigue No VPAC 20.41 24.16 11.70-29.12 27.50 14.77 22.18-32.83 

Fatigue VPAC 20.64 22.71 12.46-28.83 27.67 15.06 22.24-33.10 

Maximum upper lumbar sagittal plane 

angle (°) 

No Fatigue No VPAC 7.11 5.07 5.29-8.93 5.71 3.23 4.54-6.87 

No Fatigue VPAC 6.40 3.77 5.04-7.76 5.94 3.22 4.78-7.11 

Fatigue No VPAC 6.62 4.60 4.96-8.28 7.90 6.03 5.72-10.08 

Fatigue VPAC 6.76 4.00 5.32-8.21 7.03 3.84 5.64-8.41 

Upper lumbar sagittal plane angle at 

initial contact (°) 

No Fatigue No VPAC -8.88 21.17 -16.51-(-1.24) -8.74 24.52 -17.59-0.9 

No Fatigue VPAC -9.09 21.04 -16.68-(-1.50) -9.25 24.21 -17.98-(0.51) 

Fatigue No VPAC -11.61 24.75 -20.53-(-2.68) -8.59 23.90 -17.21-0.02 

Fatigue VPAC -11.39 23.75 -19.96-(-2.83) -9.69 24.06 -18.37-(-1.02) 

Planes: + is flexion, left side flexion and left rotation. CI- confidence interval 
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Table 5.2: Descriptive Statistics for Spine Kinematic Variables (continue). 

  Healthy Recurrent Low Back Pain 

Variable Condition Mean SD 95% CI Mean SD 95% CI 

Maximum upper lumbar frontal plane 

angle (°) 

No Fatigue No VPAC -15.99 13.46 -20.84-(-11.13) -8.26 15.89 -13.99-(-2.53) 

No Fatigue VPAC -15.01 11.80 -19.27-(-10.76) -7.25 15.81 -12.95-(-1.55) 

Fatigue No VPAC -14.44 11.18 -18.47-(-10.40) -8.80 16.28 -14.68-(-2.93) 

Fatigue VPAC -13.46 11.41 -17.58-(-9.34) -7.11 16.52 -13.07-(-1.15) 

Upper lumbar frontal plane angle at 

initial contact (°) 

No Fatigue No VPAC 8.34 3.55 7.05-9.62 7.30 3.01 6.21-8.28 

No Fatigue VPAC 7.91 3.18 6.77-9.06 8.30 3.56 7.01-9.59 

Fatigue No VPAC 10.39 13.92 5.37-15.41 12.03 12.78 7.42-16.64 

Fatigue VPAC 10.69 12.34 6.24-15.14 9.05 3.85 7.66-10.44 

Maximum upper lumbar horizontal 

plane angle (°) 

No Fatigue No VPAC 3.52 1.68 2.92-4.13 3.34 1.47 2.81-3.87 

No Fatigue VPAC 3.29 1.45 2.77-3.81 3.26 1.69 2.65-3.87 

Fatigue No VPAC 4.11 4.50 2.49-5.74 5.25 5.95 3.11-7.40 

Fatigue VPAC 4.39 3.74 3.04-5.74 3.67 2.29 2.85-4.50 

Upper lumbar horizontal plane angle at 

initial contact (°) 

No Fatigue No VPAC -16.41 29.26 -26.96-(-5.86) -20.38 24.17 -29.10-(-11.67) 

No Fatigue VPAC -16.34 29.45 -26.96-(-5.73) -20.12 24.32 -28.64-(-11.60) 

Fatigue No VPAC -14.75 28.17 -24.91-(-4.59) -19.88 25.45 -29.05-(-10.70) 

Fatigue VPAC -16.89 31.83 -28.37-(-5.41) -19.03 24.42 -27.83-(-10.22) 

Planes: + is flexion, left side flexion and left rotation. CI- confidence interval 
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Figure 5.1: Semitendinosus onset two-way interaction effect between the VPAC and 

fatigue conditions in the healthy group.  (p=0.001, ηp
2
=0.330,). Time zero is initial 

contact. 
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Figure 5.2: Semitendinosus onset two-way interaction effect between group and VPAC 

condition during fatigue. (p=0.018, ηp
2
=0. 087). Time zero is initial contact. 
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Figure 5.3: Semitendinosus onset two-way interaction effect between group and fatigue 

condition during VPAC. (p=0.004, ηp
2
=0.126). Time zero is initial contact. 
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Figure 5.4: Maximum pelvic obliquity angle two-way interaction effect between VPAC 

and fatigue conditions for both groups. (p=0.045, ηp
2
=0.063).  
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CHAPTER VI 

DISCUSSION AND CONCLUSION 

Lower extremity injury during dynamic physical activity is a significant problem 

in society (Lin et al., 2011; Whiting & Zernicke, 2008). The effects of spine stabilization 

on people who have recurrent low back pain and the effects of fatigue on dynamic 

maneuvers are well documented (Zazulak et al., 2007). However, there is limited 

information on whether spine stabilization strategies can diminish the effects of lower 

extremity fatigue on lower extremity control during landing in people who have low back 

pain. The purpose of this study was to determine whether volitional spine stabilization 

strategies can reduce the effects of lower extremity fatigue on lower extremity and trunk 

mechanics and neuromuscular control during landing in people with recurrent low back 

pain.   

This chapter includes a general discussion and conclusion from the two studies 

conducted in the dissertation. The first study examined the first research question posed 

in Chapter I: What are the relationships among mechanical and neuromuscular control 

variables during landing in healthy individuals? The second study investigated the second 

research question posed in Chapter I: What are the effects of spine stabilization and lower 

extremity fatigue on mechanical and neuromuscular control variables during landing in 

individuals who have recurrent low back pain compared to healthy (asymptomatic) 

individuals?  
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Discussion  

 The effects of spine stabilization on people who have recurrent low back pain are 

well defined. Recurrent LBP has been established in the literature as a significant 

predictor of lower extremity injury. Additionally, the effects of fatigue on dynamic 

maneuvers are well documented. This dissertation was the first study to examine whether 

spine stabilization strategies can diminish the effects of lower extremity fatigue on lower 

extremity control and decrease the risk of lower extremity injury during landing in people 

who have low back pain. 

The findings of this dissertation demonstrated that performing a VPAC during 

0.30 m drop vertical jump landings may help improve lower quarter positioning and 

sensorimotor control, and reduce ACL injury risk while protecting the lumbar spine. This 

finding suggests that a VPAC strategy creates a protective response in at least one knee 

muscle that is thought to contribute to knee stability and protect the ACL (Haddas et al., 

2012) during a landing sequence. Furthermore, previous literature suggests that lower 

extremity injury risk may increase when individuals are suffering from low back pain and 

while under the influence of fatigue (Zazulak et al., 2007). The use of a VPAC appears to 

improve spinal stability (Grenier & McGill, 2007; Haddas et al., 2012), as well as reduce 

spine injury incidence and injury recurrence (Hides et al., 2001b; McGill, 2010). 

Therefore, VPAC performance may reduce lower extremity injury potential in people 

who have LBP by not only changing control parameters in the knee, pelvic and lumbar 

region, but also by reducing the onset and recurrence of LBP. 
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In this dissertation, all research questions presented in Chapter I were examined.  

Research question one was: “What are the relationships among mechanical and 

neuromuscular control variables in healthy individuals during landing?“  To examine this 

research question, the interrelationships among kinematic, kinetic and EMG variables and 

multiple linear regression were used to determine a parsimonious subset of dependent 

variables that explain the greatest amount of unique aspects of the data set variance 

during drop vertical jump landing in healthy people, and to predict selected kinetic 

variable values from representative kinematic and EMG variables.  Forty-nine 

biomechanical dependent variables were reduced to a parsimonious subset of seven 

representative dependent variables which explained the greatest amount of unique aspects 

of the data set variance during drop vertical jump landing in healthy people. The seven 

representative dependent variables were maximum knee angle in the sagittal plane, 

maximum pelvic angle in the frontal plane, pelvic angle in the sagittal plane at initial 

contact, lower lumbar angle in the sagittal plane angle at initial contact, maximum knee 

flexion moment in the sagittal plane, maximum vertical GRF, and semitendinosus onset. 

These seven variables should be considered as dependent variables in future drop vertical 

jump landing studies. We are not aware of any other studies that have shown these same 

interrelationships among kinematic, kinetic and EMG variables. 

In addition, the outcome for research question one provides preliminary evidence 

that GRF and maximum knee moment in the sagittal plane can be predicted from a 

common set of kinematic variables based on linear multiple relationship. These outcomes 

can be used by researchers who do not have access to a force platform to predict vertical 

GRF and maximum knee moment in the sagittal plane using multiple linear regression. 
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Although the results were encouraging, there remained a considerable amount of variance 

unexplained, suggesting that additional predictor variables may strengthen the models 

further.   

The second research question presented in Chapter I was: “What are the effects of 

volitional spine stabilization and lower extremity fatigue on mechanical and 

neuromuscular control variables during landing in individuals who have recurrent LBP 

compared to healthy (asymptomatic) individuals?” We hypothesized that (1) lower 

extremity fatigue would decrease lower extremity and spine control; (2) volitional spine 

stabilization would increase lower extremity control; (3) volitional spine stabilization 

would minimize the effect of lower extremity fatigue on lower extremity control changes 

during landing; and (4) people who have recurrent low back pain would respond 

differently to lower extremity fatigue, volitional spine stabilization and their interaction 

with less spine and lower extremity control. To test these hypotheses, we used a mixed 

three factor design to determine the effects of low back pain (healthy vs. LBP), 

abdominal contraction condition (VPAC vs. no VPAC), and lower extremity fatigue 

(fatigue and no fatigue). The within-subjects factors were abdominal contraction and 

fatigue condition, and the independent factor was subject group. A 2x2x2 mixed ANOVA 

was used to determine differences between the abdominal contraction, fatigue, and group 

independent variables for each dependent variable during 0.30 m drop vertical jump.  

 The hypothesis that lower extremity fatigue would decrease lower extremity and 

spine control was supported. As expected, lower extremity fatigue altered landing 

mechanics by significantly delaying ST onset, increasing pelvic obliquity, decreasing 

vertical GRF, and producing more flexion, side flexion and rotation movement in the 
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lumbar region and less sensorimotor control on the spine. The second hypothesis that 

volitional spine stabilization would increase lower extremity control also was supported. 

The VPAC condition demonstrated significantly earlier ST onsets versus the no-VPAC 

condition with and without fatigue in both groups and helped sustain the natural lumbar 

curve in both groups. The third hypothesis that volitional spine stabilization would 

minimize the effect of lower extremity fatigue on lower extremity control changes during 

landing was supported. The use of a VPAC strategy appeared to curb the negative effects 

of fatigue on ST onset, suggesting that the protective mechanism offered by the ST is, at 

least in part, sustained in the presence of fatigue. This could have positive implications 

for injury prevention, especially in individuals who suffer from LBP, where the VPAC 

appeared to create a greater positive influence on ST onset during the fatigue condition 

compared to the healthy subjects. Finally, the fourth hypothesis that people who have 

recurrent low back pain responded differently to lower extremity fatigue, volitional spine 

stabilization and their interaction with less spine and lower extremity control also was 

supported. The semitendinosus activation was delayed in the LBP group compared to the 

healthy group, and the differences observed with fatigue were exacerbated in subjects 

with LBP, who showed both a greater delay and a greater change in the delay between 

the fatigue conditions, compared to the healthy subject group.  

Conclusion 

The findings of the current dissertation indicate that seven biomechanical 

variables were found to explain unique aspect of the data set variance based on a 

systematic intercorrelational analysis. These variables should be considered as dependent 

variables in future drop vertical jump landing studies.  In laboratory or clinical 
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biomechanics settings which do not have access to a force platform, vertical GRF and 

maximum knee moment in the sagittal plane can be predicted moderately well from 

kinematic variables alone using multiple linear regression. Additionally, the dissertation 

results provide evidence that a VPAC strategy that is performed during a fatigued landing 

sequence decreases exposure to biomechanical factors that can contribute to lower 

extremity injury. Incorporating VPAC during dynamic stressful activities, with and 

without the presence of fatigue, appears to help improve sensorimotor control and 

facilitate positioning of the lower extremity, while protecting the lumbar spine.   

The current dissertations outcome indicate that clinical and training interventions 

should focus on increasing maximum knee flexion, maximum ankle eversion angle, and 

ankle inversion angle at initial contact, and decreasing hip flexion angle at initial contact, 

and maximum pelvic anterior tilt angle in order to reduce GRF and maximum knee 

moments in the sagittal plane. Clinicians can encourage using VPAC when designing 

neuromuscular control training programs for people who have recurrent LBP to improve 

lower extremity control, spine stability, and potentially decrease injury risk. 

Limitations of the study  

The dissertation had several limitations.  When choosing the initial set of 

biomechanical depended variables, additional variables were omitted or unmeasured (i. e. 

EMG magnitude) and some omitted variables may have important clinical meaning. 

When trying to predict the kinetic variables from a common set of kinematic and EMG 

variables, we assumed that there was a linear fit for our regression models. Non-linear 

relationships were not tested and may be more realistic. Based on our previous clinical 
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and academic knowledge, we assumed that vertical GRF, knee flexion moment, and 

ankle flexion moment are key variables related to injury. Our subjects were given a 

limited time to learn the how to perform the VPAC.  Previous literature found that a 

single session of VPAC training did not improve EMG amplitudes of the IO, EO, and ES 

during rapid arm movement or walking in subjects with recurrent LBP.  Although our 

healthy subjects were free from LBP, one training session may not be sufficient to 

optimize healthy subjects’ performances of the VPAC.  However, the visual increase in 

EO an IO activity during the VPAC condition suggests the subjects were able to increase 

trunk muscle activity when attempting such a strategy, thus overriding any disadvantage. 

Although we randomized the VPAC condition, we did not randomize the fatigue 

condition which may have created bias due to a learning effect. However, because 

subjects were allowed to practice the DVJ task, any potential bias was assumed to be 

minimal.  Additionally, manual analysis of EMG onset may be limited by reliability of 

the onset identification. The reliability of our EMG onset analysis was excellent therefore 

we consider the effects of this limitation negligible. Lastly, we acknowledge limitations 

associated inverse dynamic modeling using the marker set including skin movement, 

anthropometric model, system tracking error and data smoothing procedure error.    

Delimitations of the study 

We chose a recurrent low back pain population without symptoms at the moment 

of testing. Therefore, we can generalize our results to people who have recurrent low 

back pain in their asymptomatic period. However, results cannot be generalized to people 

who have current low back pain. We chose a healthy population as our control group. 

Different populations of low back pain subjects also may serve as an important reference 
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groups for determining different levels of functional limitation in different but related 

impairments.  Different age populations of healthy subjects may used in future studies to 

predict kinetic variables from common kinematic and EMG variables which will expand 

the generalizability of the results to age populations different from the 18-35 year group.  

Recommendations for future research 

Future studies should consider examining the effects of VPAC on people who 

have current low back pain. In these individuals, drop vertical jump may not be 

recommended due to the large impact forces during landing which may exacerbate pain 

whereas walking, light lifting or other activities involving smaller impact forces may be 

more recommended. Furthermore, gender differences should be examined in relation to 

VPAC and fatigue conditions during landing to better understand the greater risk for 

lower extremity injuries in female athletes, and to determine whether or not VPAC can 

provide protection. The effects of VPAC and fatigue on the demands of landing from 

different drop vertical jump heights should be examined in order to determine at which 

heights the VPAC strategy remains effective.  Moreover, the effects of VPAC and fatigue 

should be examined on different age groups and different levels of pain. Older 

populations with more chronic pain may respond differently and therefore should be 

explored in order to find the optimal age and pain levels at which the VPAC strategy may  

contribute to the alleviation or reduction of symptoms. 
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Table A.1 Physical Activity Level Scale (Huston & Wojtys, 1996) 

Level Physical Activity 

0 Inactive, Sedentary 

2 No jumping, turning, twisting sports; occasional jog, swim, & bike 

4 No jumping, turning, twisting sports; swim, bike, jog regularly 

6 Jog, bike swim, occasional pivoting sports 

8 Recreational jumping turning, twisting sports 

10 Competitive jumping, turning, twisting sports 
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Table B.1 Anthropometric Data for the Healthy Group 

Subject # Gender Age Weight 

(kg) 

Height 

(cm) 

Activity 

Level 

# Squats Time to 

fatigue (s) 

2 M 24 82.08 177 8 135 291 

3 F 24 68.03 171 7 240 538 

4 M 21 71.67 169 6 100 240 

5 F 22 48.08 157 4 195 474 

8 F 20 56.70 161 8 160 348 

12 M 18 81.65 187 4 69 141 

15 M 23 78.93 177 5 55 122 

16 F 20 73.48 178 8 105 223 

17 M 22 78.90 181 5 107 253 

18 F 18 70.76 165 8 265 520 

20 F 20 50.80 158 6 161 409 

23 M 20 64.86 164 4 90 206 

28 F 20 55.34 156 7 70 165 

29 M 18 89.81 177 6 140 325 

31 M 20 87.54 175 8 100 235 

35 M 27 83.00 172 8 210 484 

37 F 20 64.4 168 8 283 576 

38 F 18 67.14 166 9 310 722 

39 F 21 52.16 157 2 48 113 

41 M 19 97.54 170 8 110 266 

42 M 21 73.03 167 7 81 188 

43 M 19 88.00 182 8 55 129 

44 F 21 54.43 155 9 220 554 

45 M 22 73.03 174 7 160 373 

46 M 20 90.26 194 4 70 178 

51 M 28 81.19 169 7 100 234 

53 M 19 79.83 176 8 175 464 

54 M 20 86.64 182 8 200 460 

57 M 20 90.26 168 4 112 296 

59 F 21 46.72 159 4 60 142 

61 F 22 58.51 164 6 130 345 

64 F 22 57.59 165 4 100 217 

65 F 21 46.71 155 4 60 146 

Average 20.94 71.18 169.59 6.33 135.64 314.45 

Standard Deviation 2.27 14.50 9.62 1.85 70.02 156.53 
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Table B.2 Anthropometric Data for the Recurrent Low Back Pain Group 

Subject # Gender Age Weight 

(kg) 

Height 

(cm) 

Activity 

Level 

# Squats Time to 

fatigue (s) 

1 F 25 57.60 164 6 230 540 

6 F 20 57.15 171 6 120 278 

7 M 20 91.17 191 8 70 180 

9 M 22 62.60 173 8 110 252 

10 F 22 64.90 160 6 30 60 

11 F 21 70.76 117 6 130 252 

13 M 18 100.70 175 6 125 285 

14 F 21 74.80 180 4 97 209 

19 F 20 64.86 166 4 100 409 

21 F 18 72.57 164 5 160 354 

22 M 24 89.36 177 4 70 151 

24 F 20 51.26 156 6 130 303 

25 M 23 88.45 193 4 100 250 

26 F 18 79.38 171 4 175 410 

27 M 24 85.28 165 8 105 238 

30 F 20 58.06 152 6 50 115 

32 F 22 53.98 170 4 62 150 

33 M 21 89.36 171 5 52 165 

34 M 26 86.64 173 5 71 148 

36 M 23 63.96 166 6 180 418 

40 M 19 85.28 177 8 125 277 

47 M 20 86.18 166 8 160 398 

48 F 23 69.40 167 4 55 110 

49 F 18 97.52 176 4 93 213 

50 M 21 97.07 186 7 50 105 

52 M 23 79.83 176 8 75 185 

55 M 18 75.75 165 6 110 207 

56 M 19 70.76 175 6 63 130 

58 F 20 63.96 167 7 80 188 

60 F 21 45.80 157 4 100 237 

62 M 24 72.12 177 8 190 435 

63 M 23 76.66 179 4 50 110 

Average 21.16 74.47 169.48 5.78 103.69 242.56 

Standard Deviation 2.17 14.22 13.02 1.49 47.01 114.36 
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Table C.1 Intraclass Correlation (ICC) for two EMG muscles 
 ICC 95% IC P value 

Semitendinosus   onset 0.974 0.925-0.933 0.001 

Internal Oblique onset 0.977 0.935-0.994 0.001 

 

 

Table C.2 Semitendinosus   Onset raw data 

Subject  Onset 1 Onset 2  Onset 3 

2 -0.0181 -0.0043 -0.0158 

12 -0.0048 -0.0134 -0.0134 

16 0.0071 0.0048 0.0071 

20 -0.0555 -0.0555 -0.0389 

23 -0.0557 -0.0557 -0.0580 

29 -0.0252 -0.0268 -0.0268 

37 -0.0595 -0.0664 -0.0549 

38 -0.0277 -0.0240 -0.0240 

42 -0.0894 -0.0917 -0.0871 

44 -0.0140 -0.0117 -0.0117 

 

 

Table C.3 Internal Oblique Onset raw data 

Subject  Onset 1 Onset 2  Onset 3 

4 -0.0098 -0.0122 -0.0145 

5 -0.0035 -0.0035 -0.0069 

8 0.0336 0.0354 0.0336 

15 0.0127 0.0127 0.0110 

20 0.0109 0.0054 0.0109 

23 0.0272 0.0203 0.0203 

35 0.0171 0.0226 0.0226 

39 0.0499 0.0520 0.0478 

42 0.0005 -0.0087 -0.0110 

46 0.0011 0.0052 0.0011 
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This consent form is not valid without a TTUHSC IRB stamp in the lower 
left corner of each page.   

 
 CONSENT TO TAKE PART IN A RESEARCH STUDY 

Signed copy to be provided to subject or authorized representative 
 
This is a research study for subjects who voluntarily choose to take part. Please 
take your time to make a decision, and discuss the study with your personal 
doctor, family and friends if you wish. 
 
STUDY TITLE:  Effect of Volitional Spine Stabilization and Lower Extremity 
Fatigue on Landing Performance in a Recurrent Low Back Pain Population 
 

INVESTIGATOR(s):   Roger James, PhD  

   Ram Haddas, MS 
 
CONTACT TELEPHONE NUMBERS:  (806) 743-4524 
(You may contact the investigator(s) at the number(s) listed above during 
normal business hours if you develop any of the conditions listed in 
Question # 6 of this form or if you have any unexpected complications. 

 
INSTITUTION:  Texas Tech University Health Sciences Center & Texas Tech 
University, Lubbock 
    

 
1. Why is this study being done?   
 

This study will look at the ability of abdominal muscle contraction to 
minimize the effects of leg fatigue on landing performance in people with 
and without recurrent low back pain. Low back pain is a significant 
predictor of knee injury. Fatigue serves as a major risk for injury. 
Abdominal muscle activation influences leg motion control and potentially 
reduces the risk of injury. The abdominal muscle contraction may help to 
reduce the effect of leg fatigue in people with recurrent low back pain and 
may help reduce injury risk.   

 
2. How many people will take part in this study?  

 
Up to 120 people will take part in this study. 
 

3. Why am I being asked to take part in this research study?   
 
You are being asked to participate in this study because you are 18-35 
years of age, you are able to perform series of landing from 12’ box, you 
are willing to perform recreational squat exercise until you will be fatigue, 
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and one of the following group: (1) healthy or (2) have recurrent low back 
pain with unilateral or bilateral symptoms between T12 and the mid-thigh; 
have experienced these symptoms for one or more episode over the 
previous 18 months; have experienced one or more of the following: (A) a 
severity sufficient to require medical or allied health intervention; and or 
(B) a severity sufficient to impair the subject’s ability to perform their 
normal activities of daily living; At the time of testing, you will NOT have 
any low back pain symptoms. You will not be able to participate if you 
have any health or medical condition that would prevent normal exercise.  
 

4. What will happen during this study?  What will be done that is 
different from my usual care? 
 
You will be asked to wear running shorts, a t-shirt or sports top, and the 
running shoes provided. You will do several landing from a 12’ box with 
and without abdominal muscle contraction. After done with 6 successful 
landing, you will do an exercise to fatigue your leg (like you do in a 
common recreational activity). After your leg fatigue, you will do another 6 
landing from a 12’ box with and without abdominal muscle contraction. 
While you are landing, we will measure motions of your legs, back and 
joints using video cameras. The camera will not show you, but will record 
the motions of reflective tape markers that we will attach to your feet, legs 
and back. We will measure muscle activity in your legs and lower back 
using sensors that we will tape on your skin. We will need to clean and 
shave your skin at the place where we attach the sensors. We will 
measure forces underneath your feet using special sensors on the ground.  

 
5. How much of my time will this study take? How long will I be in the 

study?     
 
This study will take about 1.5 hours on one day. You will be in the study 
only during the time you are participating in the lab.  
 

6. What are the risks and/or discomforts to me if I join this study?  
 
The risks and discomforts in this study are minimal. Although we will not 
identify your data by name, there is a risk of loss of confidentiality. 
Physical risks include those associated with any common recreational 
activity, such as getting tired, muscle soreness, and the possibility of 
injuring a bone or joint or getting bumps and bruises if you fall off the box. 
Skin irritation may occur at the attachment sites of the reflective markers 
and muscle sensors.  
 
If you have an undiagnosed heart problem, perform the fatigue protocol 
could lead to chest pain, heart attack, or death. We recommend that you 
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seek advice from your personal physician prior to enrolling in this study. 
 

7. Will there be any added risks to me from this study if I am a female?  
 

There are no added risks to you if you are female. 
 
8. Are there any benefits to me if I take part in this study?   
 

There are no benefits to you if you take part in the study. 
 
9. What other choices do I have if I don’t take part in the research 

study?  
 
This study does not involve treatment. You do not have to take part in this 
study. If at any time you decide not to be in the study, it will not affect any 
benefits or rights to which you are entitled. If you are a student, your 
grades will not be affected by whether or not you choose to take part in 
this study. If you are an employee of TTUHSC/TTU, your employment will 
not be affected by whether or not you choose to take part in this study. 
 

10. What about confidentiality and the privacy of my records?  
 
We will keep your involvement in this research study confidential to the 
extent permitted by law. In addition to the staff carrying out this study, 
others may learn that you are in the study.  This might include federal 
regulatory agencies such as the Food and Drug Administration (FDA) and 
the Office for Human Research Protection (OHRP), Texas Tech University 
Health Sciences Center (TTUHSC) representatives, and the TTUHSC 
Institutional Review Board (a committee that reviews and approves 
research).  These people may review and copy records involving this 
research.  A copy of this document may be placed in your medical record.   

 
Study results that are used in publications or presentations will not use 
your name.   
 

11. Who is funding this study?   
 
This research study is a non-funding study.  
 

12. Will it cost me anything to take part in this research study?   
 
It will not cost you anything to take part in this research study. 
 

13. Will I receive anything for taking part in this research study?  
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You will not receive anything for taking part in this research study. 
 
14. Does anyone on the research staff have a personal financial interest 

in this study? 
 
 No one on the research staff has a personal financial interest in this study. 

 
15. What if I am hurt by participating in this study?   
  

Texas Tech University Health Sciences Center and its affiliates do not 
offer to pay for or cover the cost of medical treatment for research related 
illness or injury. No funds have been set aside to pay or reimburse you in 
the event of such injury or illness unless specifically stated.   

 
If you have a research related illness or injury, care will be available to you 
as usual, but you and/or your medical or hospital insurance company will 
be responsible for the cost of treatment. Before entering this study, you 
should check whether your insurance company might limit your insurance 
coverage if you take part in a research study.  

 
16. What are my rights as a voluntary participant?   
 

 Taking part in this study is your choice. You may choose not to be in 
it. If you decide not to be in the study, it will not affect any medical 
care, benefits or rights to which you are entitled.   

 If you sign this form, it means that you choose to be in the study. 
If new information becomes available during the study that may 
affect your willingness to take part in the study, you will be told.   

 

17. Can I stop being in the study?   

 You may leave the study at any time.  If you do, discuss it with the 
investigator, who will help you leave the study in the safest way.  

 If you leave the study, your right to standard medical care will 
continue.   

 If you leave the study, we cannot remove any information we 
have collected to that point.     

 

18.  Can someone else end my participation in the study?   

 Under certain circumstances, the investigators, TTUHSC, or TTU may 
decide to end your participation in this research study earlier than 
planned. This might happen if you are unable to complete the fatigue 
protocol, unable to complete series of landing from 12’ box, unable to 
perform abdominal muscle contraction, or if we are concerned about 
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your health or safety.  

 

19.  What if I have questions? 

For questions about this study, contact the Investigator, Roger James, 
at 743-4524 or Ram Haddas, at r.haddas@ttuhsc.edu.   

 
If you would like to speak to someone who is not involved in the study 
about your rights as a participant, research-related injuries, or any other 
matter related to the study, you can call the TTUHSC Research Protection 
Hotline:  1-800-396-0918. 

 
Your signature indicates that 

 this research study has been explained to you; 

 you’ve been given the opportunity to ask questions; 

 you accept your responsibility to follow the instructions given to you 
by the research team regarding study participation and, if applicable, 
research medication; 

 you agree to take part in this study. 
 
You will be given a signed copy of this form.   
 
  
Printed Name of Subject 
 
  ___________________ 
Signature of Subject Date Time  
 
I have discussed this research study with the subject and his or her authorized 
representative, using language that is understandable and appropriate.  I believe 
I have fully informed the subject of the possible risks and benefits, and I believe 
the subject understands this explanation.  I have given a copy of this form to the 
subject.   
 
  ___________________ 
Signature of authorized research personnel who Date Time 
conducted the informed consent discussion.  
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Academic and Professional Interests and Goals 

 Lower extremity and lower back acute and chronic injury mechanisms, prevention, 

and rehabilitation outcomes 

 Interaction between musculoskeletal structure and function during locomotor 

activities 
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predispose individuals to develop musculoskeletal disorders. 
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Landing Performance in a Recurrent Low Back Pain Population” 

Support Area: Computer science   
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Bachelor of Science in Education: Department of Physical Education and Sport 

Science, Zinman College, Israel. July 2007. 

Major: Posture Cultivation (Advisor: Dr. Vardita Gur) 
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Haddas R, Hooper T, Sizer P, James CR. Effects of volitional preemptive abdominal 

contraction on trunk and lower extremity biomechanics and neuromuscular control during 

a drop vertical jump. 36th annual American society of biomechanics meeting, 

Gainesville, FL, August, 2012 

 



Texas Tech University Health Science Center, Ram Haddas, May 2013 

131 

Research in progress 

 Haddas R, James CR. Effect of Gender and Volitional Spine Stabilization on 

Landing Performance in a Healthy Population 

 Haddas R, Okafor N, James CR. Effects of Lower Extremity Fatigue and Gender on 

Landing Performance in a Recurrent Low Back Pain Population 

 Haddas R, James CR, Gilbert K. A Novel Lumbar Spine Kinematic Model – A 

Validity Study. 

 Christianson C,  Haddas R, Hooper T, James CR, Brismée JM, Sizer PS. The Effect 

of volitional preemptive abdominal contraction on lower quarter control during 

selected functional tests in normal subjects. 

 Hooper T, Haddas, R, James CR, Brismée JM, Sizer P. Effects of Volitional 

Preemptive Abdominal Contraction on Trunk and Lower Extremity Biomechanics 

and Neuromuscular Control during a Drop Vertical Jump.  

 

 

Submitted Manuscripts 

 Haddas, R. A Novel Method for Calculation of Knee Deformation Angles in Clinical 

and Sport Biomechanics. Journal of Applied Biomechanics.  

 Haddas, R, Hooper T, James CR, Sizer P. Effects of Volitional Preemptive 

Abdominal Contraction and Drop Vertical Jump Height on Lower Quarter 

Biomechanics and Neuromuscular Control. Journal of Applied Biomechanics.  

 Haddas R, Sawyer S, Sizer P, Brooks T, Chyu M, James CR. Effect of Volitional 

Spine Stabilization and Lower Extremity Fatigue on Landing Performance in a 

Recurrent Low Back Pain Population. Clinical Biomechanics. 

 Haddas R, Sizer P, Sawyer S, Brooks T, Chyu M, James CR.  Relationships among 

Mechanical and Neuromuscular Control Variables in Healthy Individuals Landing. 

Journal of Applied Biomechanics.  

 

 

Funded Research 

 Haddas R (2012). . Effects of volitional preemptive abdominal contraction on trunk 

and lower extremity biomechanics and neuromuscular control during a drop vertical 

jump. The Force and Motion Foundation's student travel scholarship. Amount funded: 

$500. [November] 

 James CR, Haddas R, Atkins L, Smith MP (2011). Comparison of rocker and flat-

soled shoes during walking: Part 2. BioDynamics Foundation, Eugene, OR. Amount 

funded: $9,625. [July] 
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 James CR, Haddas R, Atkins L (2011). Effects of a triplanar support system for 

footwear on lower extremity function during running. BioDynamics Foundation, 

Eugene, OR. Amount funded: $12,250. [June] 

 James CR, Haddas R, Atkins L, McCallister MT (2011). Comparison of rocker and 

flat-soled shoes during walking and standing. Human Performance and Wellness, Inc. 

Amount funded: $14,000. [February] 

 

Military Service 

First Sergeant: Combat Engineering Division, Israel Defense Forces. Three years active 

service, November 2000-November 2003.  

 

Volunteer Activities 

Biomechanist of the USA track and field team 2008-2009: collect and analyze kinematics 

high jump world class athletes in outdoor setting.  

 

Computer Programming (listed alphabetically) 

 C++ 

 FORTRAN 

 Java 

 MATLAB 

 

 

Hardware Expertise 

 MATLAB – can write 3D custom programs for digital signal processing and data 

analysis routines for very large datasets 

 Peak Motus – commercial software for inverse dynamic modeling 

 Simi Reality Motion Systems - commercial software for inverse dynamic modeling 

 Motion Nexus System– very familiar with Vicon (optoelectric motion capture 

system) 

 Visual3D - kinematics and inverse dynamics (kinetics) analysis  

 Force plates – have supervised installation and calibration of strain gauge based force 

platforms (AMTI and Bertec) 

 Electromyography – familiarity with collection, processing and analysis of EMG data 

as well as troubleshooting equipment problems 

 Material Testing System - familiarity with preparation, collection, processing and 

analysis of electromechanical data 

 Clinical Anatomical Laboratory Research  – dissecting and analyses cadavers for 

research purposes 
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 SMART Balance Master (NeuroCom) - assessment and retraining of the sensory and 

voluntary motor control of balance with visual biofeedback on either a stable or 

unstable support surface and in a stable or dynamic visual environment 

 Ultrasound - wider use of medical ultrasound for research purposes  

 

Languages  

 Hebrew – Native Language 

 English – Competent 

 French – Basic 

 Arabic - Basic 

 

 

 


