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Abstract 

Movement variability that occurs while performing repetitions of any particular motion 

can be due to errors in one’s ability to select the required parameters for executing the movement.  

However, it has been suggested that an optimal amount of variability exists in a healthy system 

providing adaptability to varying situations while producing negligible errors.  Investigation of 

the consistency of movement variability in a system may provide information regarding joint 

control and integrity since the functionality of a system can be disrupted by injury.  Rupture of 

the anterior cruciate ligament is associated with deficits in knee joint stability and mobility, as 

well as altered movement patterns.  There is value in developing a simple clinical test that can 

measure knee joint stability and evaluate the degree of knee damage and rate of progress during 

rehabilitation.  The main objectives were to investigate the normal range of variability during 

repeated knee extensions in healthy subjects and subjects with a reconstructed anterior cruciate 

ligament, and to evaluate the reliability of the method. 

There were 30 participants in the control group and 8 in the subject group.  All were 

physically active a minimum of 2-3 times per week for a total of 2-3 hours.  Mean variance and 

mean correlation were used to evaluate variability in this study.  Change in mean variance and 

mean correlation, standard error of measurement and intra-class correlation coefficient were used 

to evaluate reliability. 

The results showed the range of values for movement variability in control and subject 

groups.  Standard error of measurement indicated mean correlation (1.31% to 2.38%) was more 

reliable than mean variance (21.80% to 54.87%).  Mean variance and mean correlation 

significantly increased with speed, and mean correlation was significantly higher for dominant 

legs during trials at 70 beats per minute. 
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Chapter 1 

Introduction 

A basic form can be described for any particular motion, such as the swing of a baseball 

bat or a standing long jump, as well as variations in those patterns that would result in a batter 

who missed the pitch or a suboptimal jump distance.  It is easy to observe the variability of 

human motion that occurs during repetitions of a specific action, repetitions that contain the usual 

alterations in motor performance (Stergiou et al, 2006; Stergiou & Decker, 2011).  Some 

researchers believe that movement variability is due to random error (Glass & Macky, 1988; 

Newell & Corcos, 1993) and remove it by combining multiple repetitions together to produce an 

“average repetition” (Stergiou et al, 2006).  Movement variability can also be viewed as errors in 

predicting the parameters required for performing a particular movement pattern (Schmidt, 2003; 

Schmidt & Lee, 2005), which can be observed while learning a new skill as practice 

progressively reduces and eliminates errors while the execution of the movement is optimized 

(Stergiou et al, 2006; Stergiou & Decker, 2011).  Others propose that not all variability is due to 

random error and that movement variability contains meaningful information (Amato, 1992; 

Cavanaugh et al, 2005; Glass & Macky, 1988; Harbourne & Stergiou, 2009; Newell & Corcos, 

1993).  Stergiou et al (2004b) have previously demonstrated that movement variability can be 

analyzed to uncover the rate at which the variations tend to converge, with more stable systems 

showing quicker convergence, and less stable systems showing slower convergence.  

Investigating the amount of movement variability in a system may provide insight into the role 

that the amount of variation plays. 
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It has been suggested that the normal amount of movement variability that exists within a 

system provides adaptability to varying situations while producing negligible errors and there is 

an optimal amount of variability in neuromuscular control for well-developed movement skills 

and healthy conditions (Stergiou et al, 2006; Stergiou & Decker, 2011).  For example, the 

walking motion is a consistent yet variable pattern adaptable to a multitude of conditions in 

healthy individuals.  Healthy individuals transition from a level surface to a ramp or stairs with 

ease.  Those with motor deficits, which may include muscle weakness or balance impairments, 

have more constrained motor systems and as a result transitions are more difficult.  When 

variability is less than optimal a movement pattern will be more inflexible and invariant, while 

greater than optimal variability results in movement patterns that are more erratic and inconsistent 

(Stergiou et al, 2006; Stergiou & Decker, 2011).  The amount of movement variability displayed 

by a system can provide information about its health status. 

The functionality of a system can be disrupted by injury.  For instance, rupture of the 

anterior cruciate ligament (ACL) has been associated with changes in joint movement patterns 

during walking (Berchuck et al, 1990; DeVita et al, 1997; Georgoulis et al, 2003).  The ACL is an 

important structure in the knee joint (Stergiou et al, 2004b), providing stability to the joint by 

preventing anterior translation of the tibia, limiting excessive internal rotation of the tibia, and is a 

secondary restraint against varus and valgus stress (Arnheim & Prentice, 1992).   Deficiency of 

the ACL needs to be corrected in order to restore knee joint stability and improve functionality. 

Treatment of ACL ruptures usually involves reconstructive surgery using an autologous 

graft of the hamstring tendon or the patellar tendon followed by an aggressive rehabilitation 

program that rapidly implements range of motion and weight bearing exercises, with the goal of 

returning the knee to pre-injury functioning; an individual typically returns to full participation in 



 

3 

 

sport in 4 to 6 months (Kvist et al, 2005).  Evaluation of rehabilitation status can include 

assessing anterior-posterior tibiofemoral motion with the anterior drawer test, Lachman’s test, or 

an arthrometer, one-legged hop tests, and post-surgical timeline (Ernst, 2000; Myer et al, 2006).  

However, significant debate remains over thresholds for evaluating an athlete’s readiness to 

return to sport because clinical guidelines and tests for evaluating when optimal rehabilitation 

status is achieved have not been standardized (Kvist, 2004).  This shows the need for the 

development of a simple clinical test that measures knee joint stability to facilitate determining 

the degree of knee damage, the rate of progress during rehabilitation, and readiness to return to 

activity. 

It might be possible that analysis of the consistency of movement variability could be 

used in the development of such a test.  Previous studies on the walking pattern of ACL deficient 

knees have revealed that they display altered movement variability.  For example, Stergiou et al 

(2004b) found that ACL-deficient knees display greater movement variability relative to 

contralateral uninjured knees, while Moraiti et al (2007) decreased variability in ACL deficient 

knees compared to healthy controls.  Stergiou and Decker (2011) subsequently proposed that 

decreased joint stability leads ACL-deficient subjects to be more cautious when stepping, 

reducing the amount of movement variability exhibited.  Additional study of ACL-reconstructed 

knees by Moraiti et al (2010) found that they display more movement variability during walking 

compared to controls despite restoration of mechanical stability.  Stergiou and Decker (2011) 

suggested that while post ACL-reconstruction subjects are more confident using their knee 

because mechanical stability has been restored to the joint, leading them to be less cautious when 

stepping, control of the knee joint remains compromised because the proprioceptive function of 

mechanoreceptors contained within the natural ACL is not restored.  Investigation of movement 
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variability has revealed differences about joint control and integrity not detected by other clinical 

assessments. 

An investigation of the consistency of the movement pattern and the repetition-to-

repetition variability of a simple motion such as repeated knee extensions might lead to the 

development of a simple clinical test that measures knee joint stability. An analysis of the 

consistency of movement variability can be performed with simple kinematic measures of a 

cyclic motion completed over 30-100 repetitions or a period of 1-2 minutes.  Developing a 

reliable test would be useful in determining things like the degree of knee damage, the rate of 

progress during rehabilitation, and the readiness to return to sport.   
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Chapter 2 

Literature Review 

2.1  What is movement variability? 

Variability is a fundamental part of the human motor system that is readily observable 

(Stergiou et al, 2006; Stergiou & Decker, 2011).  It is a familiar and essential aspect of human 

movement that can be viewed as the usual repetition-to-repetition variations that occur when a 

particular motion is performed (Stergiou et al, 2006; Stergiou & Decker, 2011).  One can see that 

any particular motion has some basic form, as seen in the swing of a tennis racket or a vertical 

jump, as well as variations in those patterns that would result in a swing that missed the ball or a 

suboptimal jump height.  There are variations in neural and motor patterns with repetition of any 

particular motor task (Bernstein, 1967). 

 

2.2  Description of the traditional perspectives of movement variability 

The role of movement variability in motor control and performance has been investigated 

since the 1990’s and has been considered from various theoretical viewpoints (e.g., Newell & 

Corcos, 1993).  Some researchers attribute movement variability to random error, removing it by 

combining multiple repetitions together to produce an “average repetition”, while others propose 

that movement variability is not completely random and can provide meaningful information 

(Amato, 1992; Glass & Mackey, 1988; Newell & Corcos, 1993).  Movement variability can be 

analyzed for patterns that can show the convergence rate of the variations, with quicker 

convergence in more stable systems, and slower convergence in less stable systems (Stergiou et 

al, 2004b). 
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In the Generalized Motor Program Theory (GMPT; Schmidt & Lee, 2005), movement 

variability is a consequence of errors in the ability to select the required parameters for 

performing a particular motion (Schmidt, 2003; Schmidt & Lee, 2005).  This is seen in learning a 

new skill where the execution of the movement is optimized and errors are progressively reduced 

and eliminated with task-specific practice (Stergiou et al, 2006; Stergiou & Decker, 2011). 

Movement variability has also been linked to motor redundancy, which refers to the 

motor system’s ability to perform a given task in numerous ways and arises from having more 

elements than required to achieve an objective (Scholz & Schöner, 1999).  Latash et al (2002) 

outlined the uncontrolled manifold (UCM) hypothesis in response to the problem of motor 

redundancy.  The hypothesis holds that when configuration of a multi-element system is altered 

within a UCM determined for a given performance variable (e.g., pointing at a target), the value 

of the variable is held constant (Latash et al, 2002).  The central nervous system (CNS) is 

required to exert little control over the variability of the elements while the desired value of the 

variable remains unaffected (Latash et al, 2002).  When deviation in the system produces an 

unacceptable error in the performance variable, intervention by the CNS may be required to make 

a correction (Latash, 2008).  Various researchers (e.g. Domkin et al, 2002; Latash et al, 2001; 

Latash et al, 2002; Scholz & Schöner, 1999; Scholz et al, 2000; Scholz et al, 2003) have used the 

UCM approach to investigate motor coordination and the role of variability in various tasks 

including maintaining quiet stance, multi-finger force production, bimanual pointing movement, 

sit-to-stand, and pistol shooting. 

One more theory of note is the Dynamical Systems Theory (DST), which proposes that 

the basic form of a motion can be viewed as being the most stable solution for performing a 

particular movement, derived from the motor system organizing itself according to 
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morphological, biomechanical, and environmental constraints (Clark & Phillips, 1993; Hamill et 

al, 1999; Kamm et al, 1990; Kelso, 1995; Thelen, 1995; Thelen & Smith, 1994; Thelen & Ulrich, 

1991).  Decreased movement variability can be indicative of more stable and cooperative 

behavior between the components of a given motor control system, and increased variability can 

be indicative of more unstable and uncooperative behavior (Stergiou et al, 2006; Stergiour & 

Decker, 2011). 

 

2.3  Strengths and limitations of traditional perspectives 

The GMPT, UCM, and DST are complementary, as they all acknowledge that the 

efficient performance of any basic motion leads to decreased variability, and that a behavioral 

transition can occur when a movement pattern becomes critically unstable and the motor system 

changes to an alternate, more stable one with less variability (Stergiou et al, 2006; Stergiou & 

Decker, 2011).  DST in particular facilitates the characterization of behavioral transitions, 

focusing more on such occurrences (Stergiou & Decker, 2011).  This notion is an important 

progression because it suggests that a continual absence of movement variability when 

environmental conditions or task requirements change may be representative of motor skills with 

limited adaptability and versatility (Stergiou et al, 2006; Stergiou & Decker, 2011). 

However, a significant limitation of the traditional perspectives, including the DST, is 

that they do not explain the concept that skill development results in decreased variability with 

motor learning, and increased variability with behavioral repertoire expansion (Stergiou et al, 

2006; Stergiou & Decker, 2011).  This is particularly obvious with elite athletes and professional 

musicians who perform more consistently than less proficient peers and have seemingly 

developed countless ways of doing so (e.g., Tiger Woods sinking a putt or Jimi Hendrix playing 
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the electric guitar), implying that variability is part of a robust behavioral state (Stergiou et al, 

2006; Stergiou & Decker, 2011). 

The above issue can be addressed by considering how variability is measured.  To 

measure performance error, motor learning curves are normally constructed using linear statistical 

measures, such as standard deviation (SD) or the range, that quantify the magnitude of variability 

in a dataset independently of the distribution of values (Stergiou et al, 2006, Stergiou & Decker, 

2011).  In other words, they assume that repetition-to-repetition variations of a task occur 

randomly and are unaffected by previous and subsequent repetitions (Stergiou et al, 2006; 

Stergou & Decker, 2011).  However, during motor learning, the magnitude of variability 

progressively decreases, eventually leveling off, and prior research has found that such variations 

are distinct from random error (Delignières & Torre, 2009; Dingwell & Cusumano, 2000; 

Dingwell & Kang, 2007; Stergiou, et al, 2004a).  Furthermore, some researchers have proposed 

that variability has a deterministic structure, and therefore, is not random or accidental (Dingwell 

& Cusumano, 2000; Dingwell & Kang, 2007; Harbourne & Stergiou, 2009; Miller et al, 2006). 

In contrast, to investigate the development of a motor skill over time, it is best to use 

measures that evaluate the temporal structure of variability, quantifying the degree of 

organization in the sequence of emerging values (Stergiou et al, 2006; Stergiou & Decker, 2011).  

As a result, some researchers have suggested that variability contains meaningful information 

regarding movement (Amato, 1992; Cavanaugh et al, 2005; Harbourne & Stergiou, 2009; Newell 

& Corcos, 1993).  This perspective has become prevalent among human movement researchers, 

leading to the emergence of alternative theoretical approaches and techniques for investigating 

various aspects related to human movement (Stergiou & Decker, 2011).  However, there is merit 
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in using either of the two contrasting approaches because they evaluate different facets of 

variability (Harbourne & Stergiou, 2009; Stergiou et al, 2004b). 

It should be noted that variability and stability represent different properties within the 

motor control process; “variability” represents the motor system’s ability to consistently perform 

under a multitude of different conditions whereas “stability” represents the dynamic ability of the 

system to compensate for external and internal perturbations as well as control error (Granata & 

England, 2007).  Accordingly, traditional linear statistical measures are used to quantify 

variability, and measures developed to study nonlinear systems are used to quantify stability (Li 

et al, 2005; Stergiou et al, 2006; Stergiou & Decker, 2011). 

 

2.4  Movement variability and its relation to state of health 

Not all variability is due to error.  There is mounting evidence that the variations between 

cycles observed in many physiological systems are important and may aid in understanding the 

regulatory mechanisms of these systems (Bassingthwaighte et al, 1994; Stergiou & Decker, 

2011).  Dingwell and Marin (2004) found that changes in movement speed can affect stability and 

movement variability during walking; at faster walking speeds, there is less stability.  When 

speed is above or below an individual’s preference, there is greater variability (Dingwell & 

Marin, 2004).  The results of a study by Cai et al (2006) demonstrated that optimal neural control 

of any particular motion requires having a certain amount of variability in sensorimotor pathways, 

and that forcing the motor system to employ a constrained movement pattern compromises 

performance.  This provided evidence for the association between variability and health, which 

was further supported by the findings of Rosano et al (2007), who investigated the causes of gait 



 

10 

 

variability in elderly persons and observed a relationship between various brain abnormalities and 

increased variability relative to optimal healthy movement.   

The theoretical model of optimal movement variability proposes that the normal amount 

of variability in movement that exists within a system provides adaptability to varying situations 

while producing negligible errors and there is an optimal amount of variability in neuromuscular 

control for well-developed movement skills and healthy conditions that is defined by a highly 

complex and chaotic form (Harbourne & Stegious, 2009; Stergiou et al, 2006; Stergiou & Decker, 

2011).  Greater than optimal variability results in movement patterns that are noisier and less 

stable, whereas less than optimal variability results in a movement pattern that is more rigid and 

unchanging (Stergiou et al, 2006; Stergiou & Decker, 2011).  Either scenario can result in a 

movement skill with limited adaptability, such as those associated with pathology, while systems 

that are stable yet adaptable maintain a diverse array of movement strategies containing optimal 

variability (Stergiou et al, 2006; Stergiou & Decker, 2011).  For example, in healthy individuals, 

the running motion is a stable yet variable pattern that can be adapted to a multitude of 

conditions.  Healthy individuals transition easily from a level surface to a ramp or stairs.  Such 

transitions are more difficult for those with motor deficits, such as muscle weakness or balance 

impairments, since their motor system is not as adaptable.   

 

2.5  Anatomy and function of the anterior cruciate ligament 

The anterior cruciate ligament (ACL) is an important structure in the knee joint and 

essential for normal function (Stergiou et al, 2004b).  It runs diagonally from the femur to the 

tibia, attaching from the posteromedial side of the lateral femoral condyle to the area immediately 

anterior to the intercondylar tibial eminence (Li et al, 2004a). 
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The ACL provides joint stability by preventing the tibia from sliding excessively in the 

anterior direction with respect to the femur, it provides rotational stability to the knee by limiting 

excessive internal rotation of the tibia, and it functions as a secondary restraint for varus and 

valgus strain (Arnheim & Prentice, 1992).  Additionally, the ACL provides proprioceptive 

information to the central nervous system (CNS) via mechanoreceptors contained within 

(Johansson et al, 1991; Sjolander et al, 2002; Solomonow & Krogsgaard, 2001). 

 

2.6  Consequences of ACL injury 

A primary consequence associated with rupture of the ACL is excessive anterior tibial 

translation (Marans et al, 1989; McDaniel & Dameron, 1980).  Loss of the ACL can also result in 

deterioration of knee joint cartilage, reduced knee mobility, and loss of knee stability.  

Additionally, the absence of a functional ACL has been associated with elevated risk for meniscal 

injuries and osteoarthritis in the knee joint (Daniel et al, 1994; Hawkins et al, 1986; McDaniel & 

Dameron, 1980) and to changes in joint movement patterns during walking (Berchuck et al, 1990; 

DeVita et al, 1997; Georgoulis et al, 2003), although the basis for this observation in ACL 

deficient knees requires further study (Stergiou, 2004a). 

 

2.7  ACL mechanism of injury 

It is frequently difficult to ascertain an exact mechanism of injury even though ACL 

injuries are relatively common.  ACL injuries can generally be classified as being due to either 

noncontact mechanisms, or contact mechanisms where direct contact or collision occurs with an 

inanimate object or another person, such as during a football tackle.  Injuries due to contact 

mechanisms can result from a lateral blow to the knee or leg that causes valgus collapse, a medial 
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blow that causes varus collapse, an anterior blow that causes hyperextension, or a backwards fall 

(Boden et al, 2000). 

However, a majority of athletes experience noncontact mechanisms of injury  (Boden et 

al, 2000; Fauno & Jakobsen, 2006; Ferretti et al, 1992; Olsen et al, 2003).  The most frequently 

reported noncontact mechanism has been deceleration with or without a change in direction, 

wherein the hip was extended and the knee near full extension with either the tibia rotated 

internally, a valgus collapse of the knee, or both internal tibial rotation and valgus collapse 

(Boden et al, 2000; Cochrane et al, 2007; Fauno & Jakobsen, 2006; Olsen et al, 2003; Olsen et al, 

2004).  This motion can be seen when a lacrosse player advances on an opposing player and 

pivots, changing direction to get by that player.  The second most frequently reported noncontact 

mechanism was landing after a jump with the quadriceps fully contracted, the knee near full 

extension and a valgus collapse of the knee (Boden et al, 2000; Cochrane et al, 2007; Fauno & 

Jakobsen, 2006; Olsen et al, 2003; Olsen et al, 2004).  An example of this motion is when a 

volleyball player lands after spiking the ball.  

 The loading patterns of the ACL have been examined in vitro through the application of 

external loads on the knee, and may identify possible external loads and conditions that stress the 

ACL and place it at greater risk for injury.  The application of an external anterior shear force, of 

excessive quadriceps contractions, and of quadriceps and hamstrings co-contractions have been 

used to measure ACL tensile forces (Arms et al, 1984; Draganich & Vahey, 1990; Durselen et al, 

1995; Li et al, 1999; Li et al, 2004b; Markolf et al, 1995; Markolf et al, 2004; Renstrom et al, 

1986; Sakane et al, 1999; Woo et al, 1998).  When the tibia is subjected to an anterior shear force 

as the knee approaches full flexion (> 60°), the applied shear force is greater than the tensile force 

on the ACL (Sakane et al, 1999; Woo et al, 1998).  Conversely, when the knee is near full 
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extension (< 30° of knee flexion) the applied shear force is of similar magnitude to the tensile 

force on the ACL (Sakane et al, 1999; Woo et al, 1998), suggesting that when the knee is near full 

extension, the ACL is more susceptible to injury because it is under greater stress from anterior 

forces. 

Internal muscle forces can augment external forces, such as when quadriceps contractions 

increase the tensile force in the ACL when unopposed by hamstrings contractions, with the effect 

being greater during shallow knee flexion (< 40-60°) than during deeper knee flexion (> 45-60°) 

(Arms et al, 1984; Draganich & Vahey, 1990; Durselen et al, 1995; Li et al, 1999; Li et al, 2004b; 

Markolf et al, 1995; Markolf et al, 2004; Renstrom et al, 1986).  Conversely, contraction of the 

hamstrings increasingly reduces ACL tensile force with increased knee flexion, indicating that the 

hamstrings provide a protective mechanism (Draganich & Vahey, 1990; Li et al, 1999; Li et al, 

2004; Markolf et al, 2004b; Renstrom et al, 1986).  From this, the ACL appears to be more 

susceptible to injury when the knee is near full extension and either an anterior shear force or 

excessive quadriceps contraction is applied. 

Forces that twist the tibia can further augment anterior shear forces or the force applied 

by the quadriceps.  When a rotational moment about the knee coincides with an anterior shear 

force or a quadriceps force, ACL loading is increased, with an internal rotation moment 

producing a greater increase than an external rotation moment, and greater ACL loads occurring 

near full knee extension (Arms et al, 1984; Berns et al, 1992; Markolf et al, 1995; Markolf et al, 

2004).  This indicates that the ACL will be more susceptible to injury when either an anterior 

shear force or a quadriceps force is applied with an internal rotation moment.  Additionally, a 

combined load of a valgus moment and a knee internal rotation moment have been observed to 
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increase ACL tensile forces (Gabriel et al, 2004; Kanamori et al, 2000; Kanamori et al, 2002), 

and provides further evidence that the risk of ACL injury is increased under those circumstances. 

 

2.8  ACL reconstructive surgery/rehabilitation 

ACL ruptures are usually treated by arthroscopic reconstructive surgery using an 

autogenous graft of the patellar tendon or the hamstring tendon (Herrington et al, 2005; Jansson et 

al, 2003), followed by an aggressive rehabilitation program involving rapid implementation of 

range of motion (ROM) and weight bearing exercises (Kvist et al, 2005).  An individual typically 

returns to light sporting activities at 2-3 months, and full participation in contact sports within 6 

months (Kvist et al, 2005).  Returning the system to pre-injury functioning is always the goal. 

 

2.9  Post-surgery performance and return to sport 

Significant debate remains over thresholds for evaluating an athlete’s readiness to return 

to sport because clinical guidelines and tests for evaluating when optimal rehabilitation status is 

achieved have not been standardized, and there is no consensus on the physical impairments used 

to direct clinical decision making (Kvist, 2004).  To aid in making decisions, medical teams have 

used a variety of indicators such as clinical assessment using the pivot-shift test or measurement 

of anterior-posterior tibiofemoral motion determined by (anterior drawer test or Lachman’s test) 

or an arthrometer (ie. KT-1000), as well as post-surgical timeline, and have also considered 

subjective opinions (Myer et al, 2006).  A variety of functional performance tests have been used 

to assess overall function following knee injury or surgery, such as one-legged hop tests (Ernst, 

2000).  The standard hop tests are the single hop for distance, the triple hop for distance, the 

crossover hop for distance, and the 6 meter timed hop (Noyes et al, 1991).  Other frequently used 
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functional performance tests include the drop vertical jump (DVJ) test (Paterno et al, 2007; 

Paterno et al, 2010), the step-up-and-over test (Mattacola et al, 2004), and the forward lunge test 

(Mattacola et al, 2004).  The one-legged hop tests and DVJ test are maximal performance tests, 

while the step-up-and-over test and forward lunge test involve sub-maximal effort.  However, a 

common issue with using any of these tests is that physical performance can be negatively 

affected by psychological variables such as lack of confidence, absence of motivation and fear 

(Lentz, et al, 2009). 

Relatively newer tools such as stability analysis can provide information about joint 

control and integrity that cannot be obtained from current clinical tests, and can be performed 

using simple kinematic measures on a measure of a cyclic motion completed over a period of 1-2 

minutes or 30-100 repetitions.  Stability analysis on the walking pattern of ACL deficient knees 

has revealed that ACL deficient knees are less stable and display altered movement variability 

compared to healthy control knees (Moraiti et al, 2007; Stergiou et al, 2004b).  Even following 

reconstructive surgery, stability analysis has shown that ACL reconstructed knees continue to be 

less stable and display more variability in movement patterns during walking compared to healthy 

control knees, despite clinical outcomes indicating full restoration of mechanical stability 

(Moraiti et al, 2010).  Furthermore, in subjects who have an ACL reconstructed knee, their 

contralateral, uninjured knee is less stable and more variable than their ACL reconstructed knee 

(Moraiti et al, 2010).  The observation of decreased stability in ACL deficient and ACL 

reconstructed knees can be explained by the optimal movement variability theory described 

above; control knees are more stable because they have an optimal amount of movement 

variability (Stergiou & Decker, 2011).   
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2.10  Other risk factors for ACL injury 

Research has noted that the incidence rate is significantly higher for female athletes than 

male athletes (Murphy et al, 2003; Smith et al, 2012), and thus sex may be an important risk 

factor for ACL injury.  Previous research has revealed that females exhibit less knee and hip 

flexion, more knee valgus, more internal hip rotation combined with more external tibial rotation, 

and more quadriceps muscle activity, when landing from a jump or performing cutting and 

pivoting movements (Griffin et al, 2006).  It is believed that activities involving these types of 

maneuvers result in increased stress on the ACL and that the higher injury rates in females may 

be due to differences in neuromuscular control and biomechanics (Chappell et al, 2007; Hewett et 

al, 1999).  However, even though males and females exhibit different movement and muscle 

activity patterns, the relationship between these differences and the risk of ACL injury is not 

completely understood (Griffin et al, 2005; Shultz et al, 2010). 

There are also anatomical differences between males and females (Shultz et al, 2010) that 

might contribute to the higher incidence of ACL injuries in females (Griffin et al, 2000).  The 

angle formed by the line connecting the anterior superior iliac spine and the central patella, and 

the line connecting the central patella to the tibial tubercle, is called the Q angle (Hungford & 

Barry, 1979).  Q angle is consistently larger in women (Horton & Hall, 1989; Hvid et al, 1981) 

because the proximal reference point is more lateral due to shorter femoral length and greater 

pelvic width (Woodland & Francis, 1992).  In theory, the quadriceps may apply more lateral force 

to the patella and subject the knee to medial stress when Q angles are greater (Shambaugh et al, 

1991).  The femoral intercondylar notch is narrower in females (Anderson et al, 2001; 

Chandrashekar et al, 2005; Chandrashekar et al, 2006; Charlton et al, 2002; Souryal et al, 1988), 

and decreased intercondylar notch width has been associated with increased risk for ACL injury 
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(Chaudhari et al, 2009; Domzalski et al, 2010; Ireland et al, 2001; LaPrade & Burnett, 1994; 

Lund-Hanssen, et al, 1994; Shelbourne et al, 1998; Souryal et al, 1993; Souryal et al, 1988; 

Uhorchak et al, 2003).  Researchers such as Shelbourne et al (1998) have also suggested that 

ACL volume itself may be a risk factor for injury because ACL volume is related to intercondylar 

notch width (Anderson et al (2001); Chandrashekar et al, 2005; Chandrashekar et al, 2006; 

Charlton et al, 2002).  The bony geometry of the tibial plateau can affect ACL injury risk; medial 

and lateral posterior-inferior-directed tibial plateau slopes are greater in females (Hudek et al, 

2011), and the risk of ACL injury is higher when the tibial plateau has an increased posterior-

inferior-directed slopes in conjunction with a shallower medial tibial depth (Hashemi et al, 2008; 

Hashemi et al, 2010).  Additionally, there is an association between greater knee joint laxity and 

ACL injury risk (Kramer et al, 2007; Loudon et al, 1996; Myer et al, 2008; Ramesh et al, 2005; 

Uhorchak et al, 2003; Vauhnik et al, 2008; Woodford-Rogers) and females tend to have more 

knee joint laxity than males (Grana & Mbretz, 1978; Huston & Wojtys, 1996; Hutchinson & 

Ireland, 1995; Shultz et al, 2010). 

Murphy et al (2003) have also noted that the distribution of stresses placed on the 

articular, ligamentous, and muscular structures can be affected by alterations in muscle 

recruitment patterns that can occur with fatigue.   Since fatigue resistance is related to aerobic 

fitness level, this indicates that activity level may also be a risk factor for ACL injury.   

 

2.11  Accelerometry 

Accelerometry, “the quantitative determination of acceleration and deceleration in the 

entire human body or a part of the body in the performance of a task” (McGraw-Hill, 2003), is a 

technique regularly used in the study of human motion.  It has been used in gait analysis research 
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for many years, and more recently has also been used in studies on energy expenditure estimation 

and functional ability assessments (Moe-Nilssen, 1998; Morris, 1973; Sekine et al, 2000; Smidt et 

al, 1971).  Accelerometers facilitate the testing of movement patterns outside the laboratory, as 

they are typically portable, small, lightweight, and allow data collection for longer periods of 

time.  There has been a variety of gait analysis research that has been able to determine various 

gait cycle parameters from a single accelerometer placed on the lower trunk, such as the work of 

Menz et al, 2003, Moe-Nilssen & Helbostad, 2004, Taketa & Abo, 2004, and Zijlsta & Hof, 1997 

and 2003).  Lower leg motion has been studied using uniaxial accelerometers attached to the 

shank (Morris, 1973), and it has also been demonstrated that detection of foot contact is possible 

with uniaxial accelerometers affixed to the ankle, shank or thigh (Herren et al, 1999).  Using a 

single sensor has the benefits of minimizing instrumentation and subject discomfort. 

A variety of analytical techniques can be applied to acceleration data for various 

purposes, such as harmonic analysis (Smidt, 1971), spectral analysis of root-mean-squared (RMS) 

accelerations (Moe-Nilssen, 1998), discrete wavelet transforms (Sekine et al, 2000), as well as 

auto-correlation and frequency analysis (Henriksen et al, 2004; Moe-Nilssen, 1998; Moe-Nilssen 

& Helbostad, 2004). 

 

2.12  Objectives 

The objectives of this study were to investigate the normal ranges for repetition-to-

repetition variability during repeated knee extensions, the reliability/repeatability of the method, 

and the effect of different speeds.  Additionally, comparisons were made between the dominant 

and non-dominant legs in healthy individuals with no previous knee injury, the ACL 

reconstructed knee and the contralateral uninjured knee in individuals who have had surgical 
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ACL reconstruction, and between ACL reconstructed knees and the knees of healthy individuals.  

Activity level, sex and length of time since returning to sports (for ACL subjects) were also 

investigated for their relationship to knee stability and movement variability. 

The investigation of the consistency of the movement pattern and the repetition-to-

repetition variability of a simple movement pattern, repeated knee extensions, could lead to the 

development of a simple clinical test to measure knee joint stability.  There is currently a need for 

such a test, whose measures and accompanying analysis would be easy to use and might help to 

determine the degree of knee damage, the rate of progress during rehabilitation, and readiness to 

return to activity. 
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Chapter 3 

Methods 

3.1  Participants 

The physical characteristics of the participants are listed in Table 3.1.  The participants 

were a sample of convenience recruited by the primary investigator.  A requirement for 

participation in the study was the ability to perform knee extensions unencumbered by any 

physical or medical ailments.  Participants were also required to be physically active at least 2-3 

times per week for a total of 2-3 hours minimum.  To ensure no abnormal joint restrictions, 

participants had to be able to reach their toes while standing and keeping both legs straight.  The 

control group had 30 participants (15 males, 15 females) who were healthy individuals who had 

not previously had surgery or medical imaging (indicative of possible knee damage) performed 

on either of their knees.  The experimental group was composed of 8 individuals who had 

previously undergone reconstructive ACL surgery on one of their knees and had received 

clearance from their surgeon to return to full participation in sports activities.  (See Appendix C 

for Sample Size Calculations) 

 

 

Table 3.1  Mean and standard deviation of subject age, height, and weight. 

Group N Age (yr) Height (cm) Weight (kg) 
Control 30 25.5 ± 2.9 172.5 ± 9.9   73.6 ± 16.5 
ACL 8 25.3 ± 2.3   171.7 ± 11.2 79.1 ± 8.3 
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3.2  Experimental Procedure 

For each trial, participants performed knee extensions at a constant rate while seated on a 

worktable (Figure 3.1).  They performed 2 repeated trials under 4 different experimental 

conditions, for each leg, for a total of 16 trials. The experimental conditions were rates of 60, 70, 

80 and 90 beats per minute (bpm) (30, 35, 40 and 45 extension-flexion cycles per minute).  The 

order of the trials was randomized and each trial consisted of approximately 45 knee extensions.  

For control group subjects the data collection process was repeated in its entirety 3-10 days later. 

A metronome was used to maintain the knee extension cadence during each trial. 

Subjects performed knee extensions at a rate that allowed them to have their knee fully extended 

on one beep (Figure 3.2A), fully lowered on the next beep (Figure 3.2B), fully extended on the 

third beep, etc.  Subjects were given an opportunity beforehand to practice knee extensions while 

keeping pace with the metronome. 

In each trial, the experimenter began recording data and then instructed the subject to 

begin knee extensions.  Following the completion of 45 knee extensions, the experimenter 

stopped recording data and then instructed the subject to cease performing knee extensions. 
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Figure 3.1  An experimental subject seated on a worktable with accelerometer affixed to the right 

shank. 
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A       B 

 

Figure 3.2  An experimental subject with (A) knee fully extended, and (B) knee fully lowered. 

 

 

3.3  Data Collection 

Data were recorded at 100 Hz per channel using Labview (National Instruments, Texas, 

USA), a NI USB-6210 data acquisition module (Figure 3.3; National Instruments, Texas, USA), 

and CXL04GP3 ± 4 g tri-axial accelerometers (Figure 3.4; Crossbow Technology, California, 

USA).  Each accelerometer was connected to 3 channels (1 for each axis, x, y, and z) on the data 

acquisition module, which in turn was connected to a laptop computer.  The accelerometers were 

placed on the outside of the lower shanks just above the lateral malleolus and were secured to the 

subject by elastic Velcro straps (Figure 3.5).  Accelerometers were used because they are robust 

for clinical applications; they can be applied at any orientation to record the necessary data.  

The subject’s height, weight, sex, dominant leg, thigh and calf girth, lower leg length, 

distance between knee and accelerometer, activity level and types of activity, and length of time 
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since returning to sports activities following reconstructive ACL surgery (for applicable study 

participants) were also recorded (see Appendix D for Techniques for Measurement of Physical 

Attributes; see Appendix E for Subject Information Sheet).  The Seven-Day Physical Activity 

Recall (PAR) interview developed by Sallis et al (1985) was adapted into a questionnaire and 

used to collect information on activity level and types of activity. 

 

 

 

 

 

Figure 3.3  NI USB-6210 data collection module (left) connected to a Crossbow accelerometer 

system (National Instruments, Texas, USA). 
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Figure 3.4  Crossbow CXL04GP3 ± 4 g tri-axial accelerometer (Crossbow Technology, 

California, USA). 
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A      B 

 

Figure 3.5  (A-B) An accelerometer affixed with elastic velcro straps to the outside of the right 

lower shank just above the lateral malleolus. 

 

 

3.4  Data Analysis 

Data were processed and analyzed using custom software developed using Matlab (The 

Mathworks, Massachusetts, USA).  Raw accelerometer data were converted from voltages to g’s 

(1g = 9.8 m/s2) using the following equation: 

acceleration = (data_voltage – bias) / sensitivity 

where data_voltage is the raw data value.  Values for bias and sensitivity can be found in Table 

3.2 for each accelerometer.  Each raw data set consisted of acceleration data from each of the 

three axes.  To remove the effect of error in the placement of the accelerometer, data from all 
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axes were combined into a single net acceleration vector (Figure 3.6) according to the following 

equation: 

net_acceleration = (x2 + y2 + z2)0.5 

where x, y, and z are acceleration vectors for the three axes.  This net acceleration profile was 

broken down into individual cycles (Figures 3.7-9), with a single cycle representing one complete 

extension-flexion cycle.  Individual cycles were selected by identifying the peaks and valleys in 

the net acceleration profile; peaks had to be large enough compared to the previous and next 

peaks to be considered valid.  The largest peak among the first 10 peaks was located and 

identified as the starting peak.  Peaks that occurred before the starting peak were deleted, as well 

as peaks that were not similar in magnitude to the starting peak.  The expected cycle time was 

determined from the trial cadence (1 beat up, 1 beat down, at 60, 70, 80, or 90 bpm) and was used 

to find the peaks that defined individual cycles.  Cycles that were too long were deleted, as well 

as a few cycles from the start and end.  The number of individual cycles selected in each trial 

ranged from 30 to 35.  

 

 

Table 3.2  Conversion values for accelerometer data. 

 Left Accelerometer  Right Accelerometer 
 x y z  x y z 

bias (V) 2.4636 2.3809 2.4054  2.3986 2.3905 2.3898 
sensitivity (V/g) 0.5081 0.5025 0.4977  0.5003 0.5058 0.5041 
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Individual extension-flexion cycles were time normalized to 101 data points. The average 

acceleration profile was determined by calculating the mean values of the trial cycles at each of 

the 101 data points.  Processed data from each subject trial were then used to investigate the 

variability in the acceleration profiles by determining two outcome measures outlined below. 

 

 

 

 

 

Figure 3.6  A sample net acceleration profile of knee extensions performed at 70 bpm over 10 

seconds. 
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Figure 3.7  A sample net acceleration profile for knee extensions performed at 70 bpm over 10 

seconds with individual extension-flexion cycles marked by vertical lines. 
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Figure 3.8  Consecutive time normalized extension-flexion cycles for knee extensions performed 

at 70 bpm superimposed over each other to show the variability in acceleration profiles from 

repetition to repetition. 
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Figure 3.9  A sample acceleration profile of a single time normalized full extension-flexion cycle 

performed at 70 bpm. 

 

 

3.5  Outcome Measures 

The following outcome measures were calculated for use in statistical analysis detailed in 

the next section.  The first outcome measure was calculated to provide an indication of the 

magnitude of the variability between extension-flexion cycles within a trial.  For each trial (30-35 

extension-flexion cycles) from a subject, the variance of the extension-flexion cycles was 

calculated at each cycle point (101 data points per cycle).  These variances were averaged to 

produce a mean value of the variances for the whole trial.  This subject trial mean variance 

outcome measure will be referred to as MV hereafter. 
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The second outcome measure calculated provided an indication of the variability in the 

shape of the curves from one extension-flexion cycle to the next within a trial.  The zero-lag 

cross-correlation (R) between the curves of each successive extension-flexion cycle was 

calculated for each subject trial.  The R-values were averaged to produce a mean R-value for the 

whole trial.  This subject trial mean R outcome measure will be referred to as MR hereafter.  

Statistical analysis was performed using SPSS (SPSS Inc., Illinois, USA).  Reliability 

was evaluated with data from only 23 of the control subjects.  Seven subjects had missing data 

due to equipment malfunction during testing.  The natural step rate for each leg during walking is 

a bit slower than 60 steps per minute in healthy individuals (Kirtley, 2006).  Recreational runners 

commonly have step rates in the range of 75-85 steps per minute (Daniels, 2005).  As a result, 

trials performed at a rate of 70 bpm (35 extension-flexion cycles per minute) were chosen for 

reliability analysis.  Pre-study pilot testing showed that curves became erratic when trials were 

performed at slower rates, while curves became too similar at faster rates.  

 

3.6  Statistical Analysis 

The outcome measures used in the statistical analysis were MV and MR, described 

above. The reliability of the experimental protocol was evaluated by assessing retest reliability, 

which refers to the reproducibility of an observed value with repeated measurement (Hopkins, 

2000).  The three aspects of retest reliability examined were 1) the change in the MV and MR 

values between trials; 2) within-subject variation using the standard error of the measurement 

(SEM); 3) retest correlation of the outcome measures MV and MR using the intra-class 

correlation coefficient (ICC).   



 

33 

 

For the experimental protocol to be considered reliable, there needed to be no significant 

change in MV and MR values from trial to trial.  A three-way 2x2x2 repeated measures analysis 

of variance (RM-ANOVA) with leg, day and trial as within-subject effects was performed for 

both the MV and MR values to evaluate whether there was a significant change in MV and MR 

values between trials or between testing days. 

Using the method suggested by Hopkins (2000), within-subject variation was quantified 

by the standard error of the measurement (SEM), which provides a measure absolute consistency 

and is an indication of the precision of a score (Weir, 2005).  Direct calculation of the SEM 

requires determining the standard deviation (SD) of a large quantity of scores from an individual, 

(Safrit, 1976), which is typically not done (Weir, 2005).  Instead, the SEM is estimated by 

dividing the SD of the paired differences in outcome measure value between trials for all subjects 

by √2, providing an estimate of within-subject variation that is unaffected by a change in the 

mean and independent of sample size (Hopkins, 2000).  The SEM was computed for both the MV 

and MR values of the control group from measurements made on the same day and on different 

days.  The SEM was also expressed as a percentage of the group mean MV and MR values for 

both paired trials. 

Retest correlation, or alternatively relative consistency, quantifies the consistency of the 

position or rank of individuals compared to each other (Weir, 2005), providing an indication of 

the reproducibility of the rank order of subjects on retest (Hopkins, 2000).  To quantify retest 

correlation, SPSS was used to calculate the two-way mixed model, single measure intra-class 

correlation coefficient (also known as ICC(3,1) (Shrout & Fleiss, 1979)) for both the MV and MR 

values, evaluating the relative consistency of control group measurements made on the same day 
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and on different days.  The ICC(3,1) was chosen because it has no bias with small samples sizes 

and is unaffected by any shift in the mean on retest (Hopkins, 2000). 

To evaluate the effect of leg and repetition speed, 2x4 RM-ANOVAs were performed for 

25 control subjects on both the MV and MR values, with data missing for 5 control subjects due 

to equipment malfunction during testing. 

For both MV and MR values, paired two-sample t-tests were performed to investigate the 

difference between the reconstructed knees and uninjured knees of 6 individuals who have 

undergone reconstructive ACL surgery.  Additionally, unpaired two-sample t-tests were 

performed to investigate the difference between ACL reconstructed knees and healthy control 

knees, and to investigate the difference between uninjured knees of ACL subjects and healthy 

control knees.  For the ACL reconstructed knees, the relationship between length of time since 

return to sport and outcome measure values was also evaluated by determining the Pearson 

correlations (r).  For the healthy control knees, there was trial data for 27 dominant legs and 28 

non-dominant legs.  Equipment malfunction during testing resulted in missing data for 2 ACL 

subjects, 3 control dominant legs, and 2 control non-dominant legs. 

Also, unpaired t-tests were used to test whether sex or activity level had any effect on the 

MV and MR outcomes.  For the sex comparisons there were 14 female and 13 male subjects, 

while there were 14 high-activity and 13 low-activity subjects for the activity level comparisons.  

Equipment malfunction during testing resulted in missing data for 1 female, 2 male, and 3 high-

activity level subjects.  The results from the Seven-Day Physical Activity Recall (PAR) 

questionnaire were used to divide the control subjects into high and low activity level groups.  

Subjects who engaged in more vigorous physical activity (such as fast biking, heavy gardening, 

weightlifting, sports that cause perspiration or exhaustion) for more than 4 hours per week were 



 

35 

 

placed in the high activity level group, while subjects who engaged in 4 hours or less per week 

were placed in the low activity level group.  This method of classifying activity level was based 

on a study conducted by Schnohr et al (2003). 
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Chapter 4 

Results 

This study investigated the test-retest reliability using control subjects both within-day 

from trial-to-trial, and across testing days.  Reliability of the outcome measures MV and MR was 

evaluated by determining the trial-to-trial change in mean MV and mean MR, the standard error 

of measurement (SEM), and the intra-class correlation coefficient (ICC(3,1)).  Reliability was 

evaluated using the results of the 70 bpm (35 extension-flexion cycles per minute) trials. To 

assess within-day reliability, day1-trial1 was compared to day1-trial2, and day2-trial1 was 

compared to day2-trial2.  This comparison allowed for the identification of systematic differences 

that would indicate a learning effect or a fatigue factor within-day.  To assess reliability across 

days, day1-trial1 was compared to day2-trial1, and day1-trial2 was compared to day2-trial2, 

looking at the repeatability of outcome measure values on different testing days. 

Table 4.1 shows a summary of the results for MV and MR with their relevant descriptive 

statistics for each trial, including the mean, SD and range.  The differences in mean MV and 

mean MR between pairs of control group trials at 70 bpm, the SEM estimates of the outcome 

measures that were derived from the SD of the differences between pairs of control group trials, 

as well as the results for the ICC(3,1) analysis, can all be found in Table 4.2.  Note the 

magnitudes of the changes in mean MV and mean MR (CM ± SD) and the SEM (both its absolute 

value and its value expressed as a percentage of the means of paired trials), as well as the range 

for the ICC measure for each pair of trials of each leg.  The results for the three-way 2x2x2 RM-

ANOVA performed on the 70 bpm trials for both MV and MR are summarized in Table 4.3.   

 



 

37 

 

Table 4.1  Summary of results for MV and MR values of control subject trials at 70 bpm used to evaluate the reliability measures. 

Trial  MV * 1000  MR 
D T L N Mean ±  SD Range Min Max  Mean ±  SD Range Min Max 
1 1 n 23 7.7 ± 5.3 25.3 1.7 27.0  0.92 ± 0.02 0.09 0.87 0.96 
1 2 n 23 7.2 ± 4.3 16.2 1.7 17.9  0.92 ± 0.04 0.16 0.82 0.98 
2 1 n 23 8.3 ± 5.5 20.6 1.8 22.4  0.92 ± 0.04 0.19 0.79 0.97 
2 2 n 23 7.5 ± 4.3 17.8 1.7 19.5  0.92 ± 0.04 0.15 0.82 0.97 
1 1 d 23 7.3 ± 4.2 14.7 1.9 16.6  0.93 ± 0.03 0.11 0.85 0.96 
1 2 d 23 9.3 ± 8.5 40.8 1.4 42.2  0.92 ± 0.03 0.13 0.84 0.97 
2 1 d 23 7.1 ± 3.8 14.1 1.8 15.9  0.94 ± 0.03 0.12 0.85 0.97 
2 2 d 23 8.0 ± 6.3 26.9 1.4 28.2  0.93 ± 0.03 0.14 0.84 0.98 
 

Note:   MV = Subject Trial Mean Variance;   MR = Subject Trial Mean MR;   D = Day;   T = Trial;   L = Leg; 

N = Number of Subjects;   SD = Standard Deviation;   Min = Minimum Value;   Max = Maximum Value;   n = non-dominant leg;    

d = dominant leg 
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Table 4.2  Results for the calculations of changes in the mean values between trials, the SEM and the ICC(3,1), for MV and MR for control 

subject trials at 70 bpm. 

Comparison  MV * 1000  MR 
D T  D T L  CM ±  SD   SEM (%) ICC  CM ±  SD SEM (%) ICC 
1 1 - 1 2 n  -0.5 ± 2.3 1.6 (21.80) 0.89  0.00 ± 0.03 0.02 (2.05) 0.63 
1 1 - 2 1 n  0.6 ± 2.8 2.0 (24.66) 0.87  0.00 ± 0.03 0.02 (2.38) 0.53 
2 1 - 2 2 n  -0.8 ± 4.9 3.5 (44.17) 0.51  0.00 ± 0.02 0.02 (1.85) 0.79 
1 2 - 2 2 n  0.2 ± 4.1 2.9 (39.88) 0.54  0.00 ± 0.03 0.02 (2.31) 0.66 
1 1 - 1 2 d  2.0 ± 6.2 4.4 (53.06) 0.57  0.01 ± 0.02 0.01 (1.59) 0.76 
1 1 - 2 1 d  -0.2 ± 2.7 1.9 (26.81) 0.77  -0.01 ± 0.02 0.01 (1.31) 0.80 
2 1 - 2 2 d  0.9 ± 4.0 2.8 (37.85) 0.70  0.00 ± 0.02 0.01 (1.38) 0.82 
1 2 - 2 2 d  -1.4 ± 6.7 4.7 (54.87) 0.60  -0.01 ± 0.02 0.02 (1.84) 0.74 

 

Note:  MV = Subject Trial Mean Variance;   MR = Subject Trial Mean MR;   D = Day;   T = Trial;   L = Leg;    

CM = Change in the Mean of the Values;   SD = Standard Deviation;   SEM = Standard Error of Measurement;    

ICC = Intraclass Correlation Coefficient;   n = non-dominant leg;   d = dominant leg 

% = SEM expressed as a percentage of the mean of paired trials 
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Table 4.3  Summary of results for the three-way 2x2x2 RM-ANOVA evaluating the effects of leg, day and trial, performed for control subject 

trials at 70 bpm. 

  MV  MR 
Effect F p  F p 
Leg 0.097 0.758  7.021 0.015* 
Day 0.109 0.744  0.714 0.407 
Trial 0.503 0.486  0.717 0.406 
Leg*Day 1.675 0.209  5.685 0.026* 
Leg*Trial 4.145 0.054  0.327 0.573 
Day*Trial 0.907 0.351  0.021 0.885 
Leg*Day*Trial 0.373 0.548  0.494 0.489 

 

Note:   MV = Subject Trial Mean Variance;   MR = Subject Trial Mean MR;   F = F-statistic;   p = p-value 

* indicates significant difference at p < 0.05 
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There was a significant effect of leg (p < 0.05, F = 7.021) for MR, as well as a significant 

Leg*Day interaction (p < 0.05, F = 5.685).  A combination of profile plots of the main effects and 

pair-wise comparisons of estimated marginal means, with Bonferonni correction to adjust for 

multiple comparisons, revealed that the significant interaction was likely due to the dominant leg 

having an increase in MR from day 1 to day 2 that was larger than the decrease in MR across days 

in the non-dominant leg.  The remaining effects and interactions were not significant (p > 0.05). 

Figure 4.1 shows the average acceleration curve for each subject (27 controls, 6 ACL 

subjects) from Day1-Trial1 at 70 bpm, illustrating the variation between subjects over the whole 

extension-flexion cycle acceleration curve. 

Table 4.4 contains a summary of the results for MV and MR with relevant descriptive 

statistics for trials used in the two-way 2x4 RM-ANOVA that was performed to investigate the 

effect of leg and speed in control subjects, while the results from the ANOVA can be found in 

Table 4.5.  Leg did not have a significant effect in this analysis for MV or MR values (p > 0.05), 

which was in contrast to the finding of a significant effect of leg during 70 bpm trials for MR.  

The estimated marginal means and profile plot for leg by speed revealed that that the lack of 

significant effect was likely due to the differences between legs being larger for trials at 60 and 

70 bpm than they were for trials at 80 and 90 bpm.  Corrected F-statistics were used to evaluate 

the significance of the effect of speed and the interaction between leg and speed for both MV and 

MR values because Mauchly’s Test of Sphericity was significant for those effects, indicating that 

the assumption of sphericity was violated (the variances of the differences between all possible 

pairs of leg and speed were not equal).  When the Greenhouse-Geisser estimate of sphericity (ε) 

was smaller than 0.75, the Greenhouse-Geisser correction was used; when ε > 0.75, the Huynh-

Feldt correction was used. 
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Figure 4.1  The average acceleration curves for each subject for Day1-Trial1 at 70 bpm.  Control subject curves are displayed in green; 

ACL subject curves are displayed in black.   
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Table 4.4  Summary of results for MV and MR values of control subject trials used in the two-way 2x4 RM-ANOVA evaluation the effect of leg 

and speed. 

Trial  MV * 1000  MR 
Leg Speed N Mean ± SD Min Max Range  Mean ± SD Min Max Range 

n 60 25 6.5 ± 2.9 1.7 12.2 10.5  0.90 ± 0.03 0.79 0.94 0.16 
n 70 25 7.6 ± 5.1 1.7 27.0 25.3  0.93 ± 0.02 0.87 0.96 0.09 
n 80 25 8.6 ± 5.5 2.1 28.8 26.7  0.95 ± 0.02 0.90 0.97 0.07 
n 90 25 8.7 ± 4.2 1.6 18.8 17.1  0.97 ± 0.01 0.93 0.98 0.06 
d 60 25 7.3 ± 4.6 1.5 17.3 15.8  0.91 ± 0.04 0.82 0.96 0.14 
d 70 25 7.3 ± 4.1 1.9 16.6 14.7  0.93 ± 0.03 0.85 0.97 0.12 
d 80 25 7.6 ± 4.1 1.6 15.9 14.4  0.95 ± 0.03 0.87 0.98 0.11 
d 90 25 9.0 ± 4.1 3.0 18.1 15.0  0.96 ± 0.01 0.93 0.98 0.05 

 

Note:   MV = Subject Trial Mean Variance;   MR = Subject Trial Mean MR;   N = Number of Subjects;   SD = Standard Deviation;   Min = 

Minimum Value;   Max = Maximum Value 
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Table 4.5  Summary of two-way repeated measures ANOVA investigating the effects of leg and speed for day1-trial1 of control subjects. 

  MV  MR 
Effect F p   F p 
Leg 0.007   0.935a    3.539   0.072a 
Speed 4.626   0.007c*  77.678   0.000b* 
Leg*Speed 0.800   0.453b     1.962   0.138c 

 

Note:   MV = Subject Trial Mean Variance;   MR = Subject Trial Mean MR;   F = F-statistic;   p = p-value;   a = Sphericity assumed;   b = 

Greenhouse-Geisser correction;   c = Huynh-Feldt correction 

* = significant difference at p < 0.05 
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The effect of speed was significant for both MV values (p < 0.05, F = 4.626) and for MR values 

(p < 0.05, F = 77.678).  There was no interaction between leg and speed for both MV and MR 

values (p > 0.05). 

A summary of the results for MV and MR with relevant descriptive statistics for ACL 

subjects and control subjects used for all t-tests can be found in Table 4.6, while Figure 4.2 

illustrates the results of the paired t-test comparing the uninjured legs of ACL subjects to their 

ACL-repaired legs and the results from unpaired t-tests that compare the ACL subjects to control 

subjects.  There was no significant difference between ACL legs for either MV or MR (p > 0.05), 

or for any of the comparisons between ACL and control legs (p > 0.05) for MV.  The control non-

dominant and dominant legs had significantly higher MR values (p < 0.05) than ACL-repaired 

legs (MD = 0.02, SED = 0.01 and MD = 0.03, SED = 0.01, respectively).  There were no 

significant differences for MR between ACL uninjured legs when compared to either the 

dominant or non-dominant control legs (p > 0.05). 

Figure 4.3 illustrates the relationship between the length of time since return to sport and 

MV for the ACL-repaired leg Trial 1 at 70 bpm.  There was a significant Pearson correlation (r) 

between the two variables (r = -0.80, N = 6, p = 0.03).  There was no significant correlation for 

MR (See Appendix H for details). 

Table 4.7 shows the summary of the results for mean MV and MR with relevant 

descriptive statistics for high and low activity subjects.  A graph illustrating the results from the 

unpaired t-test comparing the MR of the groups can be found in Figure 4.4.  MR was significantly 

higher (p < 0.05) for high activity level subjects (MD = 0.02, SED = 0.01).  There was no 

significant difference (p > 0.05) in MV between high and low activity subjects (See Appendix I 

for details). 
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Table 4.6  Summary of results for MV and MR values of ACL and control subject trials from day1-trial1. 

  MV * 1000  MR 
Leg N Mean ± SD Min Max Range  Mean ± SD Min Max Range 
AU 6 6.7 ± 3.0 2.6 9.8 7.1  0.93 ± 0.04 0.86 0.96 0.10 
AR 6 8.1 ± 5.4 2.2 15.9 13.7  0.90 ± 0.04 0.87 0.97 0.10 
CN 28 7.2 ± 5.0 1.7 27.0 25.3  0.93 ± 0.02 0.87 0.96 0.09 
CD 27 7.1 ± 4.1 1.9 16.6 14.7  0.93 ± 0.03 0.85 0.97 0.12 

 

Note:   MV = Subject Trial Mean Variance;   MR = Subject Trial Mean MR;   N = Number of Subjects;   SD = Standard Deviation;   Min = 

Minimum Value;   Max = Maximum Value; AU = Unrepaired;   AR = Repaired-ACL;   CN = Control Non-Dominant;    

CD = Control Dominant 



 

46 

 

A 

 

B 

 

Figure 4.2  (A) The MV ± SED results from Day1-Trial1 at 70 bpm for ACL and control subjects 

(MV  = Subject Trial Mean Variance);  (B) The MR ± SED results from Day1-Trial1 at 70 bpm 

for ACL and control subjects (MR  = Subject Trial Mean R).  Means with different letters are 

significantly different (t-test, p < 0.05, 2-tailed). 
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Figure 4.3  The relationship between length of time since return to sport (months) and MV (trial 

mean variance) for ACL-repaired leg Trial 1 at 70 bpm. 
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Table 4.7  Summary of results for MV and MR values of high and low activity group subjects. 

 MV * 1000  MR 
AL N Mean ± SD Min Max Range   Mean ± SD Min Max Range 
H 14 6.6 ± 4.4 1.9 16.6 14.7  0.94 ± 0.02 0.90 0.97 0.07 
L 13 7.7 ± 3.8 1.9 15.3 13.4   0.92 ± 0.03 0.85 0.96 0.11 

 

Note:   MV = Subject Trial Mean Variance;   MR = Subject Trial Mean MR;   AL = Activity Level;   N = Number of Subjects;    

SD = Standard Deviation;   Min = Minimum Value;   Max = Maximum Value;   H = High Activity;   L = Low Activity 
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Figure 4.4  The MR ± SED of high and low activity level subjects (MR = Subject Trial Mean 

MR).  Means with different letters are significantly different (t-test, p < 0.05, 2-tailed). 

 

 

There were no significant differences between male and female subjects for either MV or 

MR values (p > 0.05).  See Appendix J for details. 
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Chapter 5 

Discussion 

5.1  Reliability of the Experimental Procedure 

 The results show the repetition-to-repetition variability of repeated knee extensions for 

normal healthy subjects.  The range and standard deviations of the outcome measures provide an 

indication of the dispersion of values that might be seen.  Both random error (imprecision) and 

systematic error could have contributed to variation seen in the MV and MR results.  Chance 

factors, including normal biological variation, alertness, attentiveness, and luck, can affect 

random error (Weir 2005).  In contrast, the presence of systematic error leading to a 

unidirectional change in outcome measure values on repeated measurements can be indicative of 

either a learning effect or a fatigue effect (Weir, 2005). 

The measures of reliability that were investigated (change in the MV and MR values 

between trials, standard error of the measurement (SEM), and intra-class correlation coefficient 

(ICC)) facilitated the evaluation of the retest reliability of the experimental protocol.  For the 

Control group, the results of the three-way RM-ANOVA revealed a significant effect of leg for 

MR, but not for MV.  The difference between legs for MR could be due to individuals being able 

to exert better control over the timing of movement for the extension-flexion cycles with their 

dominant leg, leading to a more consistent profile shape and higher MR.  The RM-ANOVA also 

showed that trial and day were not significant effects for MV or MR.  This indicated that for each 

leg, there were no significant changes in MV and MR between trials within the same day or 

across days, and thus there was no systematic error in the form of a significant learning or fatigue 

effect during testing. 
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The SEM is an absolute measure of reliability and provides an index of the expected trial-

to-trial noise (error) in the data (Weir, 2005).  It quantified the within-subject variability and its 

interpretation is based on the assessment of reliability within individual subjects (Shrout, 1998).  

A retest difference in a measure smaller than its SEM is likely to be the result of error and cannot 

be reliably detected, and hence does not represent true change (Sole et al, 2007).  For each leg, 

the changes in MV and MR between pairs of trials were smaller than the corresponding SEM 

estimates, which agrees with the RM-ANOVA results that found no differences between pairs of 

trials.  In other words, there were no real changes in MV and MR because the differences between 

trials on the same day and on different days were smaller than the SEM and due to random error 

in the measurements.   

The SEM estimates were very consistent for MR, with the absolute value being 0.02 for 

the non-dominant leg between all trial pairs, and varying from 0.01 to 0.02 for the dominant leg 

depending on the trial pair under consideration.  When expressed as a percentage of the group 

mean MR for both paired trials, the relative estimates of SEM ranged from 1.85% to 2.38% for 

the non-dominant leg, and from only 1.31% to 1.84% for the dominant leg.  In contrast, the SEM 

estimates for MV were more varied between trial pairs, with values ranging from 1.6 x 10-3 to 3.5 

x 10-3 (or 21.80% to 44.17%) for the non-dominant leg, and 1.9 x 10-3 to 4.7 x 10-3 (or 26.81% to 

54.87%) for the dominant leg.  When comparing the SEM estimates of the two outcome measures 

the difference between MV and MR was quite apparent, with SEM estimates for MV representing 

a much greater percentage of the group mean MV for both paired trials. 

The ICC reflects the ability of the test to distinguish between different individuals (Fleiss, 

1986; Stratford, 1989) and is a relative reliability measure (Chinn & Burney, 1987).  In previous 

work, ICC values below 0.50 have been classified “low”, values from 0.50 to 0.69 have been 
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described as being “moderate”, those from 0.70 to 0.89 have been considered “high”, and those 

from 0.90 and above have been called “very high” (Munro et al, 1986).  In this study, the ICC 

results for MV ranged from 0.51 (moderate) to 0.89 (high) for the non-dominant leg, and from 

0.57 (moderate) to 0.77 (high) for the dominant leg.  For MR, ICC results varied from 0.53 

(moderate) to 0.79 (high) for the non-dominant leg, and from 0.74 (high) to 0.82 (high) for the 

dominant leg. 

The mixture of “moderate” and “high” results for the ICC may be due to the relative 

nature of the ICC as the magnitude of the ICC is dependent on the amount of between-subject 

variability in the test group (Shrout, 1998; Weir, 2005).  When the SEM is small compared to 

between-subject variability, the ICC will be closer to 1 because differentiating between 

individuals is minimally affected by SEM (de Vet et al, 2006).  Conversely, when the SEM is 

large compared to the variability between subjects, the ICC will be lower because the SEM will 

affect differentiation between individuals  (de Vet et al, 2006).  For example, if the SEM equals 

the variability between subjects, the ICC becomes 0.5 (de Vet et al, 2006).  The effect that a 

larger SEM can have on ICC could explain some of the lower ICC values as well as the variation 

between different pairs of trials that were observed, as ICC was generally lower when SEM was 

relatively larger.  When SEM is larger, there is a higher likelihood for overlap of trial-to-trial 

scores between subjects and it will be harder to differentiate between them.  It is easier to detect 

large differences between individuals than small ones, and the ICC is reflective of that (Streiner 

& Norman, 1995).       
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5.2  Clinical Relevance 

At the onset of this study, it was hoped that the investigation of the 

reliability/repeatability of the testing protocol would lead to the development of a simple clinical 

test to measure knee joint stability.  Charter and Feldt (2002) have demonstrated the use of the 

ICC in estimating percentages of false-positive, false-negative, true-positive, and true-negative 

when classifying individuals in clinical situations.  However, while it is possible to use the ICC of 

test scores to set and interpret thresholds for the classification of individuals, classifying 

individuals with a minimum of misclassification of individuals requires “very high” ICCs (Weir, 

2005).  Although the ICC represents the proportion of variance in subject scores that is not 

attributable to error (Traub & Rowley, 1991) and indicates the degree of correlation between 

measurements (Domholdt, 2005), it is not as useful for establishing clinical guidelines for 

assessing significant change in an individual (Bland & Altman, 1996; Flansbjer et al, 2005).  

In clinical settings, it is important to be able to identify the clinical status of an individual 

(ie. healthy individual vs. individual with compromised joint integrity).  For any test to be useful 

when making clinical decisions regarding the stage of progress during rehabilitation and return to 

sport, it must be able to objectively quantify clinical status using established threshold values for 

individual scores.  Having precise measurements is crucial for determining if an individual is 

exhibiting sufficient significant change relative to their own previous scores that warrants a 

change in clinical status.  Imprecision of measurements could lead to accidental misclassification 

of the clinical status of an individual when the measured change is due to measurement error. 

To have clinical value, a test procedure must have a small SEM to be able to detect a true 

difference in score (Sole et al, 2007).  The SEM can be used to determine the minimum 

difference (SEM x 1.96 x √2) between separate measurements from a subject that is needed for 
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the difference to be considered significant and not due to error (Weir, 2005).  For individuals to 

show actual improvement (or decline) in performance, any difference in a retest measurement 

would need to exceed the magnitude of the minimum difference that indicates significant change 

(Flansbjer et al, 2005).  However, knowing that a retest measurement represents an actual change 

in score is not sufficient to make decisions regarding changes in clinical status.  A clinician 

requires an index of reference measurements that contains data representative of different clinical 

states (ie. measurements for healthy knees vs. ACL-reconstructed knees vs. ACL-ruptured knees) 

in order to interpret whether a result is clinically meaningful.  Establishing such an index of 

reference measurements warrants further study and was beyond the scope of this study. 

  

5.3  Findings Involving ACL Subjects 

In this study, the lack of significant difference between the ACL-repaired legs and contra-

lateral uninjured legs of ACL group subjects for both the MV or MR outcome measures, along 

with non-significant differences between the uninjured legs of ACL subjects and control legs 

(both dominant and non-dominant), was unexpected.  The two results were dissimilar to previous 

work conducted by Moraiti et al (2010) that examined the differences between the legs of 

individuals who had undergone reconstructive ACL surgery on one of their knees, as well as the 

differences between uninjured knees of ACL patients and healthy control knees (dominant and 

non-dominant legs).  Moraiti et al (2010) found that during walking, ACL-repaired knees 

displayed greater movement variability and lower movement stability than control knees.  

Furthermore, they also observed that the uninjured knees of ACL subjects exhibited even greater 

movement variability and lower movement stability compared to their contralateral ACL-repaired 

leg.  The differences from our findings might be a result of the nature of the activity performed in 
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the present study; the seated knee extension is a simple open chain kinetic exercise that does not 

involve any ambulation or net displacement of the body.  However, the significant differences 

that were observed in this study between the ACL-repaired knees compared to both dominant and 

non-dominant control knees for the MR outcome measure was similar to the findings of Moraiti 

et al (2010).  While this result indicates that it is possible for the assessment procedure used in 

this study to distinguish between healthy knees and ACL-repaired knees, further study with a 

larger sample size is required to confirm this finding.  Additionally, the graph of variation over 

the whole curve (Figure 4.1) showed that there was substantial overlap between the region of the 

graph covered by the average ACL curves, and the region covered by the average control curves.  

This brings into question whether the assessment procedure can be used in a clinical setting to 

clearly differentiate between ACL and control subjects. 

 

5.4 Comparison with Other Functional Performance Tests 

 Several functional performance tests for assessing rehabilitation status following ACL 

reconstruction were previously mentioned.  Maximal performance tests such as the one-legged 

hop tests and the drop vertical jump (DVJ) test, and sub-maximal performance tests such as the 

forward lung test and the step-up-and-over test, are among the most commonly used tests. 

The different hop tests require individuals to execute various hopping movements; the 

single hop for distance involves a one-legged hop for maximal distance; the triple hop for 

distance involves 3 consecutive hops with the same leg for maximal total distance; the crossover 

hop for distance involves 3 hops with the same leg, while alternately crossing over a 15 cm wide 

strip, for maximal total distance; and the single leg 6 m timed hop involves performing large 

consecutive hops with the same leg over a 6 meter distance as quickly as possible (Noyes et al, 
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1991).  Single leg hop tests have been used to identify asymmetries in leg function and strength 

because hop test performance has been correlated with strength and power (Pincivero et al, 1997).  

For instance, Yosmaoglu et al (2011) have previously observed performance deficits in ACL 

reconstructed knees compared to opposing uninjured knees 6 months post surgery, with the 

differences between knees becoming smaller as individuals progressed to 12 months post surgery. 

The DVJ test requires an individual to drop from a raised surface and perform a maximal 

two-legged vertical jump immediately following contact with the surface below (Ford et al, 

2003).  Asymmetrical leg loading during the DVJ test has been observed in subjects with an ACL 

reconstruction; the uninjured leg is subjected to significantly greater loads than the repaired leg 

(Paterno et al, 2007).  Subsequent research found that injury risk was eightfold for the uninjured 

leg when larger internal hip rotation occurred during DVJ test (Paterno et al (2010)  

The forward lunge test requires an individual to begin in a standing position, then lunge 

forward with one leg, and return to the original standing position (Mattacola et al, 2004).  With 

this test, Mattacola et al (2004) have observed that force generation may remain compromised for 

more than a year following ACL reconstruction. 

The step-up-and-over-test requires an individual to step onto a raised surface with the 

lead leg, and then carrying the trailing leg over the raised platform, landing with it on the opposite 

side (Mattacola et al, 2004).  When performing this test, ACL deficient individuals have exhibited 

a deficit in functional ability compared to healthy controls; leading with the injured leg resulted in 

decreased impact force and required more time for test completion (Mattacola et al, 2004).  

However, Heijne et al (2004) previously found that compared to other closed chain kinetic 

movements, ACL stress is not significantly different during step-up or step-down maneuvers.  



 

57 

 

This indicated that performance on the step-up-and-over test may reflect biomechanical factors 

other than mechanical ACL stress, thus limiting its use as a functional ACL test. 

While the one-legged hop tests, DVJ test, and forward lunge test are able to establish 

functional performance differences between healthy knees and knees that have an ACL 

deficiency or reconstruction, they share a different drawback; physical performance may be 

hindered by psychological factors including fear, lack of confidence, and absence of motivation 

(Lentz et al, 2009).  This is particularly evident for maximal tests, as Rudolph et al (2000) 

previously reported that many ACL deficient individuals were unable or unwilling to perform 

one-legged hop tests.  Additionally, Mattacola et al (2004) have suggested that psychological 

factors may also impact performance on sub-maximal tests such as the forward lunge test.  It may 

be the case that some subjects consciously or subconsciously perceive any test involving weight 

bearing with the possibility of falling as higher risk, precipitating fear of injury and lack of 

confidence. 

In comparison, the assessment procedure employed in this study was not a maximal test, 

so it is less likely that performance was negatively impacted by lack of confidence or fear of 

injury; subjects did not have to worry about any instability with regards to weight bearing 

activity.  However, unlike the tests described above, this test involved a simple open chain kinetic 

exercise (seated knee extension- flexion) and did not mimic actual maneuvers performed during 

sports.  As such, it might serve as a preliminary evaluation of a subject’s readiness to perform 

further functional performance tests where closed chain kinetic exercises and weight bearing are 

involved.  The test protocol also had the benefit of ease of use, as it requires minimal space, 

instrumentation and setup time.  While the one-legged hop tests involve simple measurement of 
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hop distance, using the other tests described involves more complex instrumentation such as use 

of a force platform.     

 

5.5  Other Findings of Interest 

 The two-way ANOVA investigating the effects of leg and speed found a significant 

effect of speed for both MV and MR with higher values at increase speed.  The significant effect 

of speed was not unexpected because Dingwell and Marin (2004) observed that changes in 

movement speed had an effect on stability and movement variability during treadmill walking, 

with decreased stability at faster speeds in and increased movement variability at speeds above or 

below the preferred pace.  The lack of significant effect leg effect in this analysis could be due to 

increased momentum in the swinging lower leg occurring during the faster extension-flexion 

cycle trial cadences of 80 and 90 bpm trials that might reduce the requirement for precise control 

of the movement. 

Another finding of interest was the significant difference found between high activity 

level and low activity level subjects for MR, which is similar to observations reported by Murphy 

et al (2003).  They discussed the role aerobic fitness level likely plays in the susceptibility to 

athletic injury, noting that fatigue causes most athletes to alter their muscle recruitment patterns, 

which could in turn alter the distribution of forces that act on articular, ligamentous, and muscular 

structures.  It may be the case that individuals who are more active on a regular basis possess a 

higher level of fitness than less active individuals, which might result in more consistent 

neuromuscular control of movement possibly due to a greater resistance to fatigue and/or due to 

superior refinement of their motor control.  However, to establish whether this is the case would 

require further study involving more detailed documentation of the physical activity for each 
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subject as well as objective physiological measurements to objectively evaluate fitness level and 

its role. 

One additional finding of interest was that of a significant Pearson correlation 

representing an inverse relationship between the length of time since returning to sport and MV.  

This result was not a total surprise, since researchers such as Knoll et al (2004) have previously 

reported that gait parameters tend to shift towards a normal value pattern over time, and that the 

reestablishment of pre-injury gait patterns takes at least 8 months.   However, comparisons 

between ACL-repaired knees and control knees mentioned above did fail to reveal a significant 

difference for MV.  Further limiting the interpretation of this result is the fact that the ACL group 

was limited to only six individuals in this study, with the length of time since returning to sports 

being in excess of 8 months for all subjects.  Thus, additional study of the relationship between 

length of time since return to sport and MV with a larger sample size would be warranted before 

more conclusive findings could be reported. 

 

5.6  Limitations 

This study had several limitations that should be acknowledged.  The first limitation 

concerns the outcome measures used.  The present study only considered linear statistical 

measures in order to quantify variation.   As previously stated, these measures are unable to 

quantify the variation in the emergence of a motor behaviour over time because they do not 

consider the temporal organization of variability contained within the data. 

A second important limitation of the study involves the loss of data due to equipment 

malfunctions that substantially limited the sample size of both the control group and ACL group.  
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This was particularly problematic for the ACL group as a sample size of six limits the 

interpretation of the results and the ability to draw conclusions outside the scope of this study.   

Additionally, a review of literature prior to the undertaking of this study did not identify 

previous work that employed analogous testing procedures and outcome measures similar to MV 

and MR.  The lack of published results for similar acceleration data with accompanying values for 

the SEM and ICC, meant that the results from the present study had to be compared with results 

from previous work that involved different experimental protocols. 

 

5.7  Future Work 

Several areas warranting future study were already mentioned above, including further 

evaluation of the differences between ACL subjects and normal healthy subjects with a larger 

sample size of ACL subjects.  A study with a larger sample of ACL subjects who have a range of 

variation in the length of time since their return to sport could also be conducted to further 

evaluate the experimental protocol to see if it can measures changes in knee performance over 

time.  Additionally, further investigation of the differences between higher activity and lower 

activity individuals, and more in depth evaluations of the effect of leg dominance and trial 

cadence could also be undertaken. 

Further study with a larger control group should also be conducted to verify the precision 

in measurement of MR that was observed with the assessment procedure employed in this study.  

Additionally, incorporating subject groups composed of individuals with altered clinical states 

such as injury or disease affecting knee function would be of merit.  The study could be 

conducted with repeated retest measurements occurring over time to evaluate the degree of 

change in test performance over time.  Depending on the clinical status of an individual, 



 

61 

 

performance might improve or decline at different rates, or could remain fairly constant.   Such a 

study could lead to an index of reference measurements from individuals in different health states 

that could eventually be used for making evaluations regarding clinical status.  For example, it 

might reveal information such as the rate of progress for a subject in rehabilitation program, 

whether pre-injury levels of performance return, and how much improvement occurs before a 

change in clinical status is seen such as readiness to transition into return to athletic activity.  

Also, an investigation using nonlinear statistical measures might provide further 

information about the variability of acceleration and stability of the movement pattern during 

repeated knee extension.  Such a study could employ stability analysis, such as that outlined by 

Stergiou et al (2006) and Stergiou and Decker (2011).  Furthermore, using both linear and 

nonlinear statistical measures in the same study may have a complementary effect on the 

interpretation of observed results 

 

5.8  Conclusions 

This study served as a pilot study into the utility of the experimental procedure that could 

lead to the development of a simple clinical tool for assessing knee joint stability during 

rehabilitation.  It demonstrated how movement variability could be measured for a simple 

exercise using a single accelerometer and provides a preliminary baseline of the measurement 

values that might be seen in healthy subject and subject who have undergone ACL reconstructive 

surgery.  The results suggest that MR is a relatively reliable outcome measure for the evaluation 

of variability in the movement pattern because the small SEM estimates indicate that it can be 

measured with a good degree of precision.  At the very least, within this study MR appeared to be 

the better outcome measure to focus on for future work because the relatively larger size of SEM 
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estimates for MV indicated a far greater degree of imprecision in its measurement.  Future 

investigations would also need to consider the influence that leg dominance and rate of movement 

speed can have on absolute values in the outcome measures. 

Nonetheless, the statistical reliability of a test by itself does not necessarily equate to 

usefulness in a clinical setting, especially when attempting to classify the status of specific 

subjects.  Measurements that are statistically different in a laboratory setting may still be too 

small to be of practical use to clinicians.  Although there was a statistical difference in MR 

between ACL and control subjects, this finding may only be applicable to the participants 

involved and may not be important beyond the scope of the study.  In order to generalize the 

results to individuals outside of the study, the reproducibility of the finding has to be 

demonstrated with a larger sample size.  However, there is reason to doubt that doing so is 

possible because the graph of variation over the whole curve (Figure 4.1) has already illustrated 

the apparent similarities between ACL and control subjects curves.  Overall, the substantial 

overlap of ACL and control curves seen in the graph indicates that the ability to accurately 

distinguish between ACL reconstructed and healthy individuals using the experimental procedure 

may ultimately be limited. 
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Appendix B - Letter of Information & Consent Form 

The$variability$of$neuromuscular$control$during$knee$extension$performance$
 
Dear   ________________________________ 
 

You have been asked by Stephen Fung, a Masters student in the School of Kinesiology and Health 
Studies at Queen’s, to perform repetitions of seated knee extensions for the purpose of investigating 
variability in neuromuscular control while performing a simple movement pattern. You are asked to review 
this letter of information with the researcher so that they can explain the procedures in detail.  Please feel 
free to ask questions at any time. 
 
Purpose and Aims of the Study: 

This study is being conducted for a Master’s thesis project (KHS 899). We are interested in 
investigating variability in neuromuscular control during simple movements by examining repetition-to-
repetition variability while performing repetitions of seated knee extensions.  In this study, the normal 
ranges for repetition-to-repetition variability in movement during repeated knee extensions, as well as the 
differences between dominant and non-dominant legs will be investigated in healthy individuals with no 
previous knee injury.  The study will also investigate the differences between the ACL reconstructed knee 
and the contralateral uninjured knee, the differences between ACL reconstructed knees and the knees of 
healthy individuals with no previous knee injury, and the differences between the uninjured knees of ACL 
reconstructed patients and the knees of healthy individuals with no previous knee injury. 
 
Testing Procedures 

The study will be completed at the Queen’s School of Kinesiology and Health Studies building in 
Kingston, Ontario. You will be performing knee extensions in a private testing lab while seated on a 
worktable. During testing one sensor will be affixed to the outside of alternately your left and right lower 
leg just above the ankle. You will be asked to complete 2 trials at 4 different paces for each leg, for a total 
of 16 trials per session. The paces will be 30, 35, 40 and 45 repetitions per minute. The order of the 
experimental trials will be randomized.  Prior to commencing the experimental trials you will have the 
opportunity to practice the testing procedure. Your height, weight, sex, dominant leg, thigh and calf 
circumference, distance between knee and ankle, distance between knee and accelerometer and length of 
time since returning to sports activities following reconstructive ACL surgery (for applicable study 
participants) will be recorded. Additionally, you will be required to complete a questionnaire concerning 
your physical activity level and the types of activities you do in a typical week. The total expected time 
commitment is expected to be no more than 45 minutes, including setup and data collection time.  If you 
are a control group subject, you will be asked to return for a second testing session 3-10 days following the 
first data collection session. 
 
Risks of Participation  

There will be no risks associated with participation in this study. 
 
Benefits of Participation: 

At the completion of this research you will be provided with a copy of the final study report as 
well as a description of the success in attaining the study’s goals.   
 
Exclusion Criteria: 

To reduce the risk of injury during data collection participants are excluded if they have a current 
injury or health condition that would inhibit their normal ability to perform knee extensions while seated on 
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a worktable. All subjects must be physically active in sport and/or exercise for a minimum of 2-3 
times/week for a total of 2-3 hours.  Participants must also be able to reach their toes while standing and 
keeping both legs straight. Subject selection for the control group will be limited to healthy individuals with 
no previous surgery or medical imaging on either knee. Subject selection for the experimental group will be 
limited to individuals who have undergone a unilateral reconstructive ACL surgery on one of their knees, 
but who are otherwise healthy. The ACL subjects must not have had any other surgical procedures 
performed during the surgery (ie. meniscus repair), and must have successfully completed their 
rehabilitation programs and be released to full participation in athletics by their physician.  
 
 
Confidentiality: 

As the primary researchers of this study, we will maintain confidentiality of all information 
collected and assure that all data will be securely maintained.  Only the principal investigator and project 
supervisor will have access to the study data. Data will be collected and stored by participant number on a 
password-protected computer. All data will be destroyed following the Master’s thesis defense of the 
principal investigator, at which time we will be happy to provide subjects with the study outcomes. 
 
Voluntary Nature of the Study: 

This study has been granted ethical clearance according to the recommended principles of 
Canadian ethics guidelines and Queen’s University policies. Your participation in this study is completely 
voluntary. Please be aware that investigators will be providing encouragement for you to participate, 
however, stopping the testing is under your control. You may withdraw from this study at any time without 
penalty or coercion.  Your data will be removed if you wish it withdrawn.   

Any questions about study participation may be directed to Stephen Fung at (613) 533-6000 
x79019 (stephen.fung@queensu.ca), or the project supervisor Dr. Pat Costigan at (613) 533-6603 
(pat.costigan@queensu.ca). Any ethical concerns about the study may be directed to the Chair of the 
Queen’s University Unit Research Ethics Board, Dr. Joan Stevenson (613)533-6081 
(chair.GREB@queensu.ca). 
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SUBJECT STATEMENT AND SIGNATURE: 
I have read and understood the information for this study. The purposes, procedures, and technical 

language have been explained to me. I understand the confidentiality measures of this study. I have been 
given sufficient time to consider the above information and withdraw if I choose to do so. I have had the 
opportunity to ask questions which have been answered to my satisfaction. I understand that I can withdraw 
at any time. I am voluntarily signing this consent form below. I will receive a copy of this consent form for 
future reference. 

If I am dissatisfied with any aspect of the study, or have questions, concerns or adverse events, I 
have been encouraged to contact: 
 
 

Stephen Fung (Principal Investigator)    613-533-6000 x79019 
         stephen.fung@queensu.ca 
 
 

Dr. Patrick Costigan (Project Supervisor)    613-533-6000 x79037 
         pat.costigan@queensu.ca 
 
 
If I have questions regarding my rights as a research subject I can contact: 
 
 

Dr. Joan Stevenson (General Research Ethics Board, Chair)  613-533-6081 
     chair.GREB@queensu.ca 

    
 
 
(please sign and return this page ONLY to the researchers) 
 
By signing this consent form, I am indicating that I agree to participate in this study.  
 
 
 
__________________________________ 
Print your Name 
 
 
 
__________________________________     _____________________ 
Signature of Subject        Date 
 
 
 
__________________________________     _____________________ 
Signature of Witness        Date 
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Appendix C - Sample Size Calculations 

Sample size calculations were performed for a power of 0.80 and an α of 0.05.  However, 

limited published data exists on which to perform sample size calculations for this study. 

van der Harst et al (2007) investigated the differences between subjects’ dominant and 

non-dominant leg for maximum knee extension, maximum knee flexion, and total knee excursion 

when landing from a single-leg hop.  Based on their data, an effect size of 0.1237871 and a 

required total sample size of 515 were determined when maximum knee flexion was considered.  

When considering maximum knee extension the effect size was 0.2483158, requiring a total 

sample size of 130. 

Knoll et al (2004) investigated the differences between ACL-reconstructed knees 12 

months after surgery and healthy control knees in males and females for peak knee flexion and 

peak knee extension during treadmill walking.  In the male population, an effect size of 

0.1079175 and required total sample size of 676 per was determined for knee extension, while the 

effect size was 0.169524 and required a total sample size of 276 for knee flexion. In the female 

population, an effect size of 0.1732885 and required total sample size of 264 was determined for 

knee extension, while the effect size was 1.095633 and required total sample size was 9 for knee 

flexion. 

Tashman et al (2007) looked at differences between the ACL-reconstructed knee and the 

contralateral uninjured knee in subjects for knee external rotation and knee adduction during 

downhill running.  There was an effect size of 1.652174 for knee external rotation, requiring a 

total sample size of 6, while the effect size was 1.75 for knee adduction, requiring a total sample 

size of 5.  However, 5 of the 6 subjects in this study were tested only 4 to 6 months after surgery, 

which may have contributed to seeing the larger effect sizes and smaller sample sizes since it has 
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previously been reported in studies such as the one by Knoll et al (2004) that the reestablishment 

of pre-injury gait patterns takes at least 8 months to occur. 

Despite some of the large sample sizes calculated above, for practical reasons it was 

decided that the subject pool for this study would be smaller, with the control group consisting of 

30 participants (15 males, 15 females) and the experimental (ACL-reconstructed) group 

consisting of 10 participants.  For comparing the dominant and non-dominant legs in subjects, the 

smaller sample size was deemed acceptable since the difference is expected to be negligible or 

really small.  For comparing ACL-reconstructed knees to healthy control knees, the smaller 

subject size was chosen due to data collection time restraints and anticipated difficulty recruiting 

acceptable ACL-reconstructed subjects in sufficient numbers. For comparing ACL-reconstructed 

knees to contralateral uninjured knees in subjects, the sample size should be sufficiently large 

even though the effect size is expected to be smaller than calculated above (which would require 

a larger sample size) because ACL-reconstructed knees will be tested a minimum of 12 months 

post surgery. 
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Appendix D - Techniques for Measurement of Physical Attributes 

 
Height: 

A tape measure will be affixed to a wall running from the floor toward the ceiling.  With their 

footwear removed, subjects will stand in from of the tape measure with their back to the wall.  A 

flat ruler will be used to determine the position of top of the subject’s head on the tape measure.  

The distance between the floor and the top of the subject’s head will be taken as the subject’s 

overall height. 

 

Weight: 

Subjects will stand on a body weight scale. 

 

Thigh Girth: 

Subjects will lie in a supine position with knees extended and lower extremity musculature 

relaxed.  Using a standard tape measure, girth measurements will be taken at 10 and 20 cm 

proximal to the superior patellar pole. (Ross & Worrell, 1998) 

 

Calf Girth: 

Subjects will lie in a supine position with knees extended and lower extremity musculature 

relaxed.  Using a standard tape measure, girth measurements will be taken at 10.2 cm below the 

inferior pole of the patella on both legs. (Davis et al, 2003) 
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Lower Leg Length: 

Subjects will sit in a chair with thigh parallel to the floor, knee flexed at 90 degrees and foot 

resting flat on the floor (footwear removed).  Using a standard tape measure, lower leg length will 

be measured as the distance between the top of the patella and the floor. (Han & Lean, 1996) 

 

Distance from knee to accelerometer: 

Subjects will sit in a chair with thigh parallel to the floor, knee flexed at 90 degrees.  Using a 

standard tape measure, the distance between the knee and the accelerometer will be measured as 

the distance from the top of the lateral condoyle of the tibia to the top of the accelerometer. 
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Appendix E - Subject Information Sheet 

 
Subject Code: ________________________________________    

 

 

1. Height:        __________________ 
 
 

2. Weight:        __________________ 
 
 

3. Sex:        M or F 
 
 

4. Dominant leg:       L or R 
 
 

5. Thigh girth: Left: at 10 cm   __________________ at 20 cm   __________________ 
 

Right: at 10 cm   __________________ at 20 cm   __________________ 
 
 

6. Calf girth:          Left:   __________________      Right:   __________________ 
 
 

7. Lower leg length:          Left:   __________________      Right:   __________________ 
 
 

8. Distance between knee & accelerometer:   Left: __________________ 
 
Right: __________________ 

 
 

9. Activity Level (from Seven-Day Recall):    __________________ 
 
 

10. Types of Activities: 
 
_______________________________________________________________________________ 
 
_______________________________________________________________________________ 
 
_______________________________________________________________________________ 
 
_______________________________________________________________________________ 
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11. Injured knee (if applicable):     L or R 
 
 

12. Length of time since returning to sports activities following 
reconstructive ACL surgery (if applicable):    __________________ 
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Appendix F - Matlab Analysis Program 

dosubject.m 

 
clear all; 
close all; 
clc; 
  
  
[options filenames] = xlsread ('MasterList.xls'); 
  
filenames(1,:) = []; 
  
% cd ('/Users/7sf8/Documents/MATLAB/thesis/data'); 
  
fid = fopen ('cycledata.txt', 'a'); 
  
for i = 1 : size (options, 1) 
  
    if (options (i, 9) == 1) 
        filename = char(filenames(i)); 
        fullfilename = [filename]; 
        disp (fullfilename); 
        subject   = filename(1:3); 
        visit     = filename (5); 
        leg       = filename (6);  
        cyclerate = str2double(filename(7)) * 10; 
        trial     = filename (9); 
  
        if (leg == 'L') 
            [net, g] = load_accL (filename); 
        else %(leg == 'R') 
            [net, g] = load_accR (filename);         
        end 
   
        if (options(i, 8) > 0) 
            net = net(options(i,8):end);  % cut some samples from the start 
        end 
                 
        if (options(i, 10) > 0) 
            net(end-options(i,10):end) = [];  % cut some samples from end 
        end 
         
        cycles = find_cycles10 (net, cyclerate, options(i, 1), ... 
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options (i, 2), options(i, 3), ... 
options (i, 4), options(i,5), ... 
options(i, 6), options(i,7), ... 
options(i, 11));      

        normcycles = calc_norm_cycles (net, cycles);       
        figure; 
        plot (normcycles); 
        title (filename);     
        plot_cycleloc (net, cycles, 'r'); 
        title (filename); 
        hold on 
        net = net - mean(net); 
        net = filter_acc (net, options(i,2), options(i,1) ); 
        net = net / max(net); 
        plot (net, 'k'); 
        hold off;  
        varcycle = mean (var(normcycles, 0, 2));  
        allcor =  corrbyn (normcycles, 2); 
        corrcycle = mean (allcor); 
  
        fprintf (fid, '%s, %s, %s, %1.0f, %s, %12.5f, %12.5f \n', ... 
          subject, visit, leg, cyclerate, trial, varcycle, corrcycle); 
    end 
end 
  
fclose (fid);  
 
 
 
 
 
load_accL.m 
 
function [ net_acc, g ] = load_accL( filename, ACCnumber ) 
% function [ net_acc, g ] = load_acc( filename ) 
  
if nargin < 2  
    ACCnumber = 1; 
end;  
  
data = load (filename);  
  
switch ACCnumber 
    case 1 
        bias(1)=2.4636; 
        bias(2)=2.3809; 
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        bias(3)=2.4054; 
        sensitivity(1)=0.5081; 
        sensitivity(2)=0.5025; 
        sensitivity(3)=0.4977; 
    otherwise 
        bias(1)=2.4636; 
        bias(2)=2.3809; 
        bias(3)=2.4054; 
        sensitivity(1)=0.5081; 
        sensitivity(2)=0.5025; 
        sensitivity(3)=0.4977;         
end 
  
for i=1:3 
    g(:,i)=(data(:,i)-bias(i))/sensitivity(i); 
end 
  
x2 = g(:,1) .^ 2;  
y2 = g(:,2) .^ 2;  
z2 = g(:,3) .^ 2;  
% z2 = 0; 
  
total = x2 + y2 + z2;  
net_acc = total .^ 0.5;  
  
end 
 
 
 
 
 
load_accR.m 
 
function [ net_acc, g ] = load_accR( filename, ACCnumber ) 
% function [ net_acc, g ] = load_acc( filename ) 
  
if nargin < 2  
    ACCnumber = 1; 
end;  
  
data = load (filename);  
  
switch ACCnumber 
    case 1 
        bias(1)=2.3986; 
        bias(2)=2.3905; 
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        bias(3)=2.3898; 
        sensitivity(1)=0.5003; 
        sensitivity(2)=0.5058; 
        sensitivity(3)=0.5041; 
    otherwise 
        bias(1)=2.3986; 
        bias(2)=2.3905; 
        bias(3)=2.3898; 
        sensitivity(1)=0.5003; 
        sensitivity(2)=0.5058; 
        sensitivity(3)=0.5041;         
end 
  
for i=1:3 
    g(:,i)=(data(:,i)-bias(i))/sensitivity(i); 
end 
  
x2 = g(:,1) .^ 2;  
y2 = g(:,2) .^ 2;  
z2 = g(:,3) .^ 2;  
% z2 = 0; 
  
total = x2 + y2 + z2;  
net_acc = total .^ 0.5;  
  
end 
 
 
 
 
 
find_cycles10.m 
 
function [ cycles, peaks ] = find_cycles10 (net, CycleRate, SampleFreq, CutOff, PeakSize, 
PeakRange, PeakLocRange, CyclesToSearch, NtoDelete, CleanPeak) 
  
% Defaults 
SampleRate  = SampleFreq; 
MinPeakSize =  PeakSize; 
SizeRange   =  PeakRange; 
PeakLocationRange = PeakLocRange; 
  
  
% filter the data, smooth it out to better identify the peaks and valleys 
acc = net - mean(net); 
facc = filter_acc (acc, CutOff, SampleFreq); 
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facc = facc / max(facc); 
  
dacc = diff (facc); 
sfacc = sign (dacc); 
dacc = diff (sfacc); 
peaks = find(dacc); 
  
% plot_cycleloc(facc,peaks, 'r'); 
  
%% 
% locate the distance from this peak to the previous and next peaks 
% ensure the peak is large enough to be valid 
goodpeaks = ones (length(peaks), 1); 
goodpeaks = logical (goodpeaks);  
for i = 2:length(peaks)-1 
    % determine the range between this peak and the previous  
    % and the next peak  
    Peak = peaks(i); 
    PeakBefore = peaks(i-1);  
    PeakAfter  = peaks(i+1);  
    SizeBefore = abs (facc(Peak) - facc(PeakBefore)); 
    SizeAfter =  abs (facc(Peak) - facc(PeakAfter)); 
    if (SizeAfter < MinPeakSize) && (SizeBefore < MinPeakSize) 
        goodpeaks(i) = 0;       
    end 
end; 
peaks = peaks (goodpeaks); 
% plot_cycleloc(facc,peaks, 'r'); 
  
%% 
% locate the first largest peak  
startpeak = 1;  
biggest = abs(facc(peaks(startpeak)));  
for i = 1:10             % check the first 10 peaks 
    if abs(facc(peaks(i))) > biggest  
        biggest = abs(facc(peaks(i))); 
        startpeak = i;  
    end 
end; 
peaks = peaks (startpeak:end); % delete all before the start peak 
%plot_cycleloc(facc,peaks, 'r'); 
  
%% 
% delete peaks that are not similar in magnitude to the starting peak 
  
goodpeaks = zeros (length(peaks), 1); 
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goodpeaks = logical (goodpeaks);  
TargetSize = (facc(peaks(1)));  
MinSize = TargetSize - SizeRange; 
MaxSize = TargetSize + SizeRange; 
  
for i = 2: length(peaks) 
    PeakSize = facc(peaks(i)); 
    if (MinSize <= PeakSize) && (PeakSize <= MaxSize) 
        goodpeaks(i) = 1; 
    end 
end; 
peaks = peaks (goodpeaks); 
% plot_cycleloc(facc,peaks, 'r'); 
% axis([1 1500 -1 1]); 
  
  
%% 
% clean up the cycles by locating the next point on the raw curves 
if CleanPeak == 1 
    IsPeak = sum(facc(peaks)) > 0; % peaks are positive, valleys are negative 
  
    if IsPeak 
        % look for the true peak in the unfiltered data  
        for i = 1:length (peaks) 
            minpos = peaks(i) - PeakLocationRange; 
            maxpos = peaks(i) + PeakLocationRange; 
            [maxval, maxloc] = max (net(minpos:maxpos)); 
            peaks (i) = maxloc + minpos - 1;        
        end 
    else 
        for i = 1:length (peaks) 
            minpos = peaks(i) - PeakLocationRange; 
            maxpos = peaks(i) + PeakLocationRange; 
            [minval, minloc] = min (net(minpos:maxpos)); 
            peaks (i) = minloc + minpos - 1;        
        end 
    end 
end 
% plot_cycleloc(facc,peaks, 'r'); 
% axis([1 1500 -1 1]); 
     
  
% Find peaks that define a cycle  
% using the expected cycle time 
%  
SecPerCycle = 60 / CycleRate;  
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SamplesPerCycle = SecPerCycle * SampleRate; 
SamplesPerCycle = round(SamplesPerCycle * CyclesToSearch);  % 2 beats(up & down) per 
cycle 
  
  
% StartCycle  = peaks(1); % assume this is the start of a cycle 
% StopCycle   = peaks(2); 
% LastPeak    = peaks(length(peaks)); 
% done        = false; 
ncycle = 0;  
DefaultDelta = 99999; 
StopCycle = peaks(1); 
for i = 1:length(peaks) - 1 
    StartCycle = StopCycle; 
    ExpectedStopCycle = StartCycle + SamplesPerCycle;  
    delta = DefaultDelta; 
    for j = (i+1):length(peaks) % check all upcoming peaks 
        peakdist = abs (ExpectedStopCycle - peaks(j)); 
        if (peakdist < delta) 
            delta = peakdist; 
            StopCycle = peaks(j); 
        end 
    end 
    if (delta ~= DefaultDelta) && (StopCycle ~= StartCycle) 
        ncycle = ncycle + 1; 
        cycles(ncycle, 1) = StartCycle; 
        cycles(ncycle, 2) = StopCycle; 
        cycles(ncycle, 3) = StopCycle - StartCycle; 
    end 
end 
     
% while (StopCycle < LastPeak)  && ~done 
%     StopCycle = StartCycle + SamplesPerCycle;  
%     StopCycle = nearest_peak (StopCycle, peaks); 
%     if StartCycle < StopCycle 
%         ncycle = ncycle + 1; 
%         cycles(ncycle, 1) = StartCycle; 
%         cycles(ncycle, 2) = StopCycle; 
%         cycles(ncycle, 3) = StopCycle - StartCycle; 
%         StartCycle = StopCycle; 
%     else 
%         done = true; 
%     end 
% end 
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% drop cycles that are too long  (> 3 SD) 
cycleMean = mean (cycles (:, 3)); 
cycleSD= std (cycles (:, 3)); 
zscore = (cycles(:, 3) - cycleMean) / cycleSD; 
for i = size (cycles, 1):-1:1 
    if abs (zscore(i)) > 3 
        cycles(i, :) = []; 
    end 
end 
  
ncycles = size(cycles,1); 
if (NtoDelete > 0) 
    if (NtoDelete * 2) < ncycles 
        cycles(ncycles-NtoDelete:ncycles, :) = [];     % delete last few cycles 
        cycles(1:NtoDelete, :) = [];                 % delete 1st few cycles 
    end 
end 
  
% plot_cycleloc(facc,cycles, 'r'); 
 
 
 
 
 
filter_acc.m 
 
function [ dataout ] = filter_acc( data, cutoff, samplerate ) 
% function [ dataout ] = filter_acc( data ) 
  
% filter to clean up small jumps 
[b,a] = butter (2, cutoff/(samplerate/2)); 
% same as filtfilt 
% bias = data(1);  
% data = data - bias; 
data = filtfilt (b, a, data);  
  
dataout = data; 
end 
 
 
 
 
 
calc_norm_cycles.m 
 
function [ normcycles ] = calc_norm_cycles( net_acc, cycles ) 
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%function [ normcycles ] = calc_norm_cycles( data, startstop ) 
  
normcycles = zeros (100, length (cycles)); 
for i = 1: length(cycles)     
    start = cycles (i, 1);  
    stop = cycles (i, 2);      
    normx = linspace (start, stop, 100); 
    normy = interp1 (start:stop, net_acc(start:stop), normx); 
    normcycles (:, i) = normy; 
end; 
ndrop = 3;  
normcycles = normcycles (:, ndrop:end-ndrop);  
end 
 
 
 
 
 
corrbyn.m 
 
function [ allcorr ] = corrbyn( cycles, n ) 
%function [ meancorr, sdcorr ] = corrbyn( cycles, n )% computes the mean 
% correlation between each set of N cycles 
% and outputs the mean and SD of all sets 
  
allcorr = []; 
ncycles = size (cycles, 2); 
  
for i=1:ncycles-n 
    totalcorr = 0;  
    for j = 0:(n-2) 
        corrmatrix = corrcoef ([cycles(:, i+j) cycles(:, i+j+1)]); 
        totalcorr = totalcorr + corrmatrix (2,1); 
    end 
    allcorr(i) = totalcorr / (n-1); 
end 
  
  
end 
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Appendix G - t-Test Results Comparisons for Control and ACL Subject Comparisons 

 

Table G1  Results from paired sample t-tests comparing ACL subject repair and healthy knees. 

  MV * 1000  MR 
Comparison   95% CID      95% CID    
L  L N MD ± SD LB UB t df p  MD ± SD LB UB t df p 

AU - AR 6 -1.4 ± 3.2 -4.7 2.0 -1.03 5 0.35  0.02 ± 0.04 -0.02 0.06 1.30 5 0.25 
 

Note:   MV = Subject Trial Mean Variance;   MR = Subject Trial Mean MR;   L = Leg;  N = Number of Subject;   MD = Mean Difference;    

SD = Standard Deviation;   CID = Confidence Interval of the Difference;   LB = Lower Bound;   UB = Upper Bound;   t = t-statistic;  

df = Degrees of Freedom;   p = p-value (2-tailed);   AU = ACL Uninjured Leg;   AR = ACL Repaired Leg   
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Table G2  Summary of results from independent sample t-tests comparing control group subjects to ACL group subjects. 

 MV * 1000  MR 

Comparison   95% CID       95% CID    
L  L MD ± SED LB UB t df p  MD ± SED LB UB t df p 

AR - CN 0.9 ± 2.3 -4.0 5.5 0.39 32 0.70  -0.02 ± 0.01 -0.05 -0.00 -2.13 32 0.041* 
AR - CD 1.0 ± 2.0 -3.0 5.0 0.50 31 0.62  -0.03 ± 0.01 -0.06 -0.00 -2.38 31 0.02* 
AU - CN -0.5 ± 2.1 -4.8 3.8 -0.23 32 0.82  -0.00 ± 0.01 -0.02 0.02 -0.10 32 0.92 
AU - CD -0.4 ± 1.8 -4.0 3.3 -0.21 31 0.83  -0.01 ± 0.01 -0.04 0.02 -0.54 31 0.60 
CN - CD  0.1 ± 1.2 -2.4 2.6 0.08 53 0.97  -0.01 ± 0.01 -0.02 0.01 -0.86 53 0.93 

 

Note:  MV = Subject Trial Mean Variance;   MR = Subject Trial Mean MR;   AR = ACL Repaired Leg;   AU = ACL Uninjured Leg;    

CN = Control Non-dominant Leg;   CD = Control Dominan t Leg;   MD = Mean Difference;   SED = Standard Error of the Difference;    

CID = Confidence Interval of the Difference;   LB = Lower Bound;   UB = Upper Bound;   t = t-statistic;   df = Degrees of Freedom;    

p = p-value (2-tailed) 

* = significant difference at p < 0.05 
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Appendix H - Relationship Between Length of Time Since Return to 

Sport and MR 

 

 

Figure H1  The relationship between length of time since return to sport (months) and MR (trial 

Mean R) for ACL-repaired legs Trial 1 at 70 bpm (Pearson correlation, r = 0.06, N = 6, p = 0.45). 
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Appendix I - Activity Level Results 

 

Table I1  Summary of results from independent sample t-tests comparing high and low activity level subjects. 

 MV * 1000  MR 
Comparison  95% CID      95% CID    

AL  AL MD ± SED LB UB t df p  MD ± SED LB UB t df p 
H - L -1.0 ± 1.6 -4.3 2.3 -0.65 25 0.52  0.02 ± 0.01 0.00 0.04 2.21 25 0.036* 

 

Note:   MV = Subject Trial Mean Variance;   MR = Subject Trial Mean MR;   MD = Mean Difference;   SED = Standard Error of the Difference;   

CID = Confidence Interval of the Difference;   LB = Lower Bound;   UB = Upper Bound;   t = t-statistic;   df = Degrees of Freedom;    

p = p-value (2-tailed);  AL = Activity Level;   H = High Activity;   L = Low Activity 

* indicate  significant differences at p < 0.05 
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Figure I1  The MV ± SED of high and low activity level subjects (MV = Subject Trial Mean MV).  Means with same letters are not significantly 

different (t-test, p > 0.05, 2-tailed). 
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Appendix J - t-Test Results for Sex 

 

Table J1  Summary of results with descriptive statistics for MV and MR values for male and female subjects. 

  MV * 1000  MR 
Sex N Mean SD Min Max Range  Mean SD Min Max Range 
F 14 6.9 3.8 2.2 15.2 13.1  0.93 0.02 0.89 0.97 0.07 
M 13 7.4 4.5 1.9 16.6 14.7  0.93 0.03 0.85 0.97 0.12 

 

Note:   MV = Subject Trial Mean Variance;   MR = Subject Trial Mean MR;   N = Number of Subjects;   SD = Standard Deviation;    

Min = Minimum Value;   Max = Maximum Value;   F = female;   M = male 
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Table J2  Summary of results from independent sample t-tests comparing male and female subjects. 

   MV * 1000  MR 

Comparison  95% CID      95% CID    

Sex  Sex MD ± SED LB UB t df p  MD ± SED LB UB t df p 
M - F -0.5 ± 1.6 -3.9 2.8 -0.33 25 0.74  0.00 ± 0.01 -0.02 0.02 0.16 25 0.87 

 

Note:   MV = Subject Trial Mean Variance;   MR = Subject Trial Mean MR;   MD = Mean Difference;   SED = Standard Error of the Difference;   

CID = Confidence Interval of the Difference;   LB = Lower Bound;   UB = Upper Bound;   t = t-statistic;   df = Degrees of Freedom;    

p = p-value (2-tailed);  M = Male;   F = Female 


