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Figure 1-1. The four major ligaments of the knee 
Reprinted with permission from New Health Advisor: 
Ligaments of the knee. Accessed March 16, 2017, from 
http://www.newhealthadvisor.com/ligaments-of-the-knee.html 
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Mechanisms for ACL Injury 
 
 Most ACL injuries occur through noncontact mechanisms [34]. Common 
movement patterns that involve injury to the ACL are landing, pivoting, and cutting 
maneuvers. Olsen et al. [37] observed two main mechanisms in a video analysis of 
handball athletes. The first, which occurred more frequently, was the combination of a 
landing and subsequent cutting move characterized by a large valgus knee moment and 
rotation of the tibia near full knee extension. The knee moment is a product of the ground 
reaction force (GRF) and distance from the GRF vector to the center of rotation of the 
knee. The second mechanism was a single leg landing that also exhibited increased knee 
valgus as well as external tibial rotation near full knee extension. Ireland [38] supported 
these findings by suggesting hip adduction and internal rotation, knee valgus, and tibial 
external rotation as contributors to ACL injury. Yu and Garrett [39] included increased 
posterior ground reaction force (GRF) and quadriceps contraction as other relevant ACL 
loading mechanisms pertaining to injury.  
 
 It is generally accepted than an injury to the ACL is unlikely to result from a 
single dysfunction isolated at one joint [40]. The lower extremity kinetic chain comprises 
the hip, knee, and ankle which work together to produce movement. In the case of 
impaired or abnormal function at one joint, one or both of the other joints in the chain 
may adapt its motion as a compensation mechanism to maintain regular overall 
movement. Compensatory mechanisms at the hip or ankle may, therefore, reveal 
pathology at the knee. Conversely, abnormal motion at the hip or ankle may contribute to 
knee pathology. Several differences in hip and ankle function have already been 
identified relating to injury at the knee. Decreased hip abduction and external rotation, 
which are signs of hip weakness, influence the development of patellofemoral pain as 
reported by several researchers [41-44]. Noehren [45] associated increased peak hip 
adduction angle to the development of iliotibial band syndrome. Consistent with these 
risk factors related to ACL injury, many researchers have offered evidence of greater hip 
adduction and internal rotation during a variety of dynamic tasks in females, who are at a 
higher risk for ACL injury compared to males [46-48]. Further, Lawrence [49] divided 
female participants according to hip adductor and hip external rotator strength, and those 
considered as stronger demonstrated lower ground reaction forces during landing in 
addition to a lower external knee adduction moment. Similarly, Devita and Skelly [50] 
examined how forces are dissipated throughout the kinetic chain during landing and 
found that in a stiff landing, indicative of decreased ankle dorsiflexion, increased 
extensor moment at the hip and flexor moment at the knee were observed. Reduced ankle 
dorsiflexion has also been linked to patellar tendinopathy [51, 52], and other studies have 
highlighted limited ankle range of motion (ROM) in individuals with excessive medial 
knee displacement, or knee valgus [53, 54]. These previously documented abnormal or 
compensatory joint functions support the need for analyzing ankle and hip kinematics 
related to knee pathology. 
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Gait Cycle 
 

The gait cycle can be divided into several phases and sub-phases, as depicted in 
Figure 1-2. In normal gait, the knee is near full extension (0-5° of flexion) at initial 
contact and flexes to about 15° during the loading response phase. As the gait cycle 
progresses through mid-stance and terminal stance, the knee moves toward extension 
then returns to flexion before toe off. The hip is flexed to about 30° at initial contact and 
proceeds to extend until it reaches maximum extension at terminal stance and begins 
flexion when the heels rise just prior to toe off. Hip adduction occurs during the early 
portion of stance, and hip internal rotation is at a maximum around mid-stance. The ankle 
is in a neutral position at initial contact but plantarflexes during the loading response 
phase. The ankle transitions to dorsiflexion in terminal stance and returns to 
plantarflexion at toe off. 

 
Noehren studied gait in females with ACLR and found decreased hip flexion 

during walking [55]. Czamara [56] reported excessive hip internal rotation across the gait 
cycle and increased external rotation of the ACLR knee compared to the control knee. 
Another study [57] compared hip and knee kinematics and kinetics in ACLR individuals 
who passed and failed return to sport (RTS) criteria, and found several differences. Those 
who failed had larger knee flexion in the uninvolved limb at initial contact during 
walking. No significant differences in hip flexion angle were observed, however, kinetic 
analysis showed that individuals in the fail group generated power with their involved hip 
but absorbed power in their uninvolved hip during early stance. 
 
 

Summary 
 

It is well documented that ACL injury is common and has an unfavorable 
outcome; many cases involve development of osteoarthritis, re-injury, or failure to return 
to sport or the pre-injury state. While a number of studies have successfully identified 
differences in kinetic or kinematic performance between ACLR and healthy populations, 
these findings have been limited to single joint function and neglected to consider the 
lower extremity as a linked system. The dynamical systems approach to kinematic 
analysis evaluates the interaction among joints and thus may provide a more complete 
assessment of function. Specifically, variability in joint coordination may reveal system 
constraints or limited access to or use of different movement strategies. Examination of 
coordination phases may complement variability measures by revealing compensatory 
mechanisms and describing joint excursion. It is known that individuals with ACLR are 
susceptible to developing arthritis or incurring a second injury, but this risk has yet to be 
fully understood. Therefore, the goal of this thesis was to quantify joint coordination in 
individuals with ACLR and contribute findings that may add to our current understanding 
of biomechanical function related to ACL injury. 
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Figure 1-2. The gait cycle divided into sub-phases 
Reprinted with permission: 
Esquenazi, A. Gait analysis: technology and clinical application. In: Braddom RL, editor. 
Physical Medicine and Rehabilitation. 3rd ed. Philadelphia: Saunders/Elsevier; 2007. 
p.93-110. 
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CHAPTER 2.    LITERATURE REVIEW 
 
 

Dynamical Systems Approach to Analyzing Human Movement Coordination 
 
 The dynamical systems theory describes a movement system as having many sub-
systems, or components, that interact through self-organization to produce a movement 
pattern for a given task. The complexity of such a system lies within its control; inertia, 
reaction forces, initial postural conditions, and muscle forces act to produce movements 
in a body that comprises several mechanical degrees of freedom (DOF) [58]. Bernstein 
[15] stated that the process of mastering these redundant DOF is the fundamental concept 
behind coordination and producing a controllable system. Coordinative structures are 
groupings of muscles spanning several joints into single units that act independently and 
constrain the DOF within a system, thereby reducing the number of independent parts to 
be controlled [58, 59]. An important aspect of coordinative structures that relates to the 
work presented in this thesis is the relationship between sub-structures such that if one is 
dysfunctional or introduces an error to the system, the other(s) adjusts their function to 
minimize this error and preserve the initial movement goal [59]. This compensatory 
mechanism allows the system to have flexibility and stability in response to perturbation. 
Another characteristic of coordinative structures is the ability to arrange different DOF in 
the same manner to accomplish the same task, or organize the same DOF in different 
configurations to accomplish different tasks [16, 58]. Variation in resolving the 
coordination of a system is potentially a vital element of movement, and scientists have 
proposed an optimal amount of movement variability relating to skill development and a 
healthy state [60]. 
 
 Movement variability has previously been associated with error and related to the 
amount of noise present in a motor system [61]. However, the emergence of the 
dynamical systems theory led scientists to discover that movement variability is actually 
an inherent part of the signal and cannot be removed, unlike measurement noise that can 
be attenuated [62]. Therefore, variability represents an integral component of human 
motor behavior [61]. It is important to note that there are two distinct measures of 
variability that result in opposite interpretations of the state or performance of a 
movement system. End-point variability is a measure of outcome and is used as an 
indicator of skill level. Low end-point variability is representative of a skilled or expert 
performance, and this characterization was previously used to describe skilled motor 
performance as also having low variability or consistent patterns of movement. A 
frequently referenced study by Arutyunyan et al. [63] provided evidence to reject that 
consistency in movement patterns is a defining aspect of expert performance. Novice and 
expert marksmen pistol shooting were compared, and results showed that the expert had 
lower variability in the spatial orientation of the pistol barrel but greater variability in 
shoulder and wrist motion. A different study that evaluated javelin throwing supported 
the previous author’s conclusion that increased variation in movement patterns is related 
to expertise [19]. Infinite combinations of different release parameters were found to 
produce the same range of throwing distance, and mixed arm movement patterns were 
observed between the finalists at a javelin championship meet. Further, intra-thrower 
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kinematic differences at the shoulder and elbow were found in elite javelin throwers. 
These findings show that invariant movement patterns are not achieved even in expert 
performers, and suggest that coordinative variability is desirable. 
 
 An early attempt to measure coordination was made by Grieve [64], who 
analyzed walking patterns using relative motion plots. A relative motion plot is a 
graphical representation of the angular displacement over time of two joints, and is often 
termed angle-angle diagram. While visual inspection of relative motion plots is useful for 
observing consistency in cycles and similarities in movement patterns, it is largely a 
qualitative analysis. Hershler and Milner [65] built upon the use of relative motion plots 
to assess gait, and extracted values for area (A), perimeter (P), and shape (PA) of the 
closed loop (defined by the ratio of P to the square root A). However, specific geometric 
shape cannot be inferred from the value of PA. In an effort to better quantify differences 
between relative motion plots, Whiting and Zernicke [66] used a chain-encoding 
procedure that was developed by Freeman [67]. This technique superimposes a grid on 
the relative motion plot and generates a chain of digital points that approximates the 
shape of the original analog curve according to an eight-point scale [68]. Integer chains 
are compared by means of cross-correlation, which produces a recognition coefficient (R) 
that corresponds to the peak value of the cross-correlation function. Two movement 
patterns are considered identical when R is equal to 1 and dissimilar when R approaches -
1. A major limitation of this technique is the requirement for data points to be equally 
spaced, which is often not seen in gait or most human movement [68]. Also, chain-
encoding transforms data from a ratio scale to the nominal scale, which may result in loss 
of information and limits statistical analyses [69]. Sparrow et al. [67] developed a 
modified encoding technique for which the angle between two consecutive data points is 
calculated relative to the right horizontal. An adapted version of Freeman’s original 
cross-correlation function was also presented to account for the length between data 
points and include angular data. Tepavac and Field-Fote [69] employed this vector 
coding technique as a method that preserves ratio scale data to quantify variability in 
relative joint motion across multiple cycles of gait.  
 
 Another way to measure coordination was established by Kelso [70] based on 
relative phase. In accordance with the dynamical systems theory and Bernstein’s view, 
Kelso’s approach to studying human behavior was based on the concept that patterned 
behavior is governed by self-organization [16]. In one experiment, index fingers 
spontaneously transitioned from anti-phase oscillation to in-phase oscillation in response 
to an increase in frequency. This shift demonstrated traits of nonlinear transitions, and led 
Kelso to use continuous relative phase analysis to detect stability and transitions in 
dynamic coordination [70]. 
 
 
Relative Phase 
 

Another way to quantify coordination is by using relative phase methods. Discrete 
relative phase (DRP) measures coordination on the basis of a temporal phase relationship 
between two joints. Unlike in the vector coding technique, the angular excursion of each 
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joint of interest is plotted relative to time in separate graphs. The time to a specific event 
during a movement cycle, such as peak flexion, is obtained for both joints and used along 
with the cycle period (T) to calculate the DRP angle (DRPθ), which is defined by 
Equation 2-1. 
 
                                                       (Eq. 2-1) 
 

The output variable, DRPθ, provides the relative timing for two joints in reaching 
a specified discrete event. A DRPθ equal to 0° or 360° indicates that the motions of both 
joints are in-phase, and any angle between these limits indicates an out-of-phase relation. 
DRP is a simple method that only analyzes one data point in the time series, which is not 
suitable for movements that exhibit coordination changes within a cycle. Another 
limitation of DRP is that it requires well-defined and consistent peaks, which may not be 
found in some dynamic movements or pathological systems. 
 

Continuous relative phase (CRP) is a higher-order version of DRP that measures 
coordination based on phase planes. It involves spatio-temporal analysis of joint coupling 
by measuring the phase relationship between two interacting joints. A phase plane is 
constructed for each joint in which angular velocity (ω) is plotted against angular position 
(θ). Similar to the vector coding method, a phase angle (PA) is derived by the vector 
orientation relative to the right horizontal at each data point, expressed by Equation 2-2. 
The PA ranges from 0° to 360°, but can be represented as -180° to 180° or simply 0-180°. 
The CRP angle (CRPθ) is then calculated as the difference between the phase angles of 
both joints, given by Equation 2-3. The CRP method is better suited to analyze more 
complex coordination patterns because it consists of both spatial and temporal 
information, and provides a measure throughout the entire movement cycle. 
 
                                                            (Eq. 2-2)
 
                                                   (Eq. 2-3) 
 
 Hamill et al. [22] investigated lower extremity running injuries using CRP. The 
segment couplings that were analyzed were thigh flexion/extension and tibial rotation, 
tibial rotation and foot eversion/inversion, and femoral rotation and tibial rotation. A 
measure of between-trial variability for each subject was obtained by calculating the 
standard deviation of each point on the CRPθ ensemble curve, and then computing the 
average standard deviation over the complete time interval. Results showed that 
individuals with patellofemoral pain (PFP) had less variability in the CRP of the lower 
extremity segment couplings compared to uninjured individuals. The authors proposed 
that the pain present in the injured group caused these individuals to restrict the number 
of movement patterns utilized, which resulted in decreased variability. Miller et al. [71] 
also reported seeing less variability in the CRP of lower extremity segment couplings  in 
injured runners with iliotibial band syndrome (ITBS). Interestingly, the same group of 
runners with ITBS had higher variability in the knee flexion/extension and foot 
adduction/abduction coupling compared to healthy runners. Similarly, Hein et al. [72] 
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reported an increase in CRP variability for all examined couplings during the first half of 
stance in injured runners compared to healthy. However, no statistical significance was 
detected for this finding. 
 

CRP has also been used to evaluate the phase relationships between joints or 
segments. In the same study by Hamill [22] that reported less variability in injured 
runners, there was a difference in thigh abduction/adduction and tibial rotation CRP 
pattern during mid-stance between the PFP and healthy groups that showed a more out-
of-phase coupling in the healthy group while the PFP group approached in-phase 
coordination. Conversely, Ferber et al. [46] reported an in-phase coordination pattern in 
healthy runners and an out-of-phase relationship in injured runners throughout the stance 
period. However, this was found for a different segment coupling (rear-foot eversion and 
tibial rotation) than that in the previous study. Lewek et al [73] analyzed stride to stride 
variability in knee motion in individuals with and without knee osteoarthritis (OA) using 
CRP. The uninvolved limb of the OA group displayed more variability in the frontal 
plane knee motion CRP compared to the involved and control limbs. 
 
 Despite its widespread use, there are several known limitations of CRP for 
measuring coordinative variability. The CRP method works under the assumption that 
data are sinusoidal [74], and it is well accepted that gait and other dynamic movements 
may deviate from this pattern. Even sinusoids having a frequency that is not 0.5/π Hertz 
(Hz) produce CRP results that are not equivalent to the relative temporal positions 
between the two signals as obtained in DRP [75]. Another limitation of CRP is the need 
to normalize the phase plots [76]. Normalization adjusts for differences in amplitude and 
frequency in the two signals [70, 76]. Peters et al. [75] demonstrated the presence of 
artifacts in the form of a low frequency oscillation in the CRP of a non-normalized signal, 
and also showed differences in morphologies between two signals having different 
frequencies. The authors further reported that the CRP method did not produce the same 
phase relationship as in DRP for a constant time lag between two non-sinusoidal signals. 
Additionally, several different normalization techniques have been performed in a variety 
of studies using CRP. Van Emmerik and Wagenaar [77] normalized the angular position 
and velocity to their maximum and minimum values, but Burgess-Limerick [78] assigned 
the minimum and maximum values for angular position to -1 and 1, respectively, and 
scaled the absolute maximum value of angular velocity to 1 while keeping zero velocity 
at the origin [70]. Other methods involving transforms and non-linear methods have also 
been used for normalization [75]. Discrepancies in normalization procedures make direct 
comparisons of results difficult. Contrarily, Kurz and Stergiou [79] showed that 
normalization changed the dynamic qualities of the phase portrait and are not convinced 
that normalizing is necessary. Lastly, CRP results are not easily interpretable to suggest a 
mechanical cause for pathology, and therefore, have limited clinical application [74]. 
 
 
Vector Coding  
 
 Hamill et al. [76] outlined the process of applying a vector coding technique 
adapted from Sparrow [67] as a means for measuring coordination based on relative 
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motion. First, an angle-angle diagram is created such that the angular displacements of 
the two joints of interest are plotted along the x- and y-axes. It is most common to plot 
the proximal joint along the x-axis and the distal segment along the y-axis. A coupling 
angle (CA) is obtained by calculating the angle between two adjacent data points on the 
angle-angle curve relative to the right horizontal, expressed by Equation 2-4. The CA 
ranges between 0° and 360°. The CA is directional and thus requires the use of circular 
statistics to compute its mean value for a series of angles. 
 
                                                         (Eq. 2-4) 
 
 Heiderscheit et al. [23] chose to use a vector coding technique in their 
investigation of variability of joint coordination in individuals with unilateral PFP to 
avoid the limitations of CRP. The subject data from a previous study using CRP [22] was 
used to allow for comparison. The PFP and uninjured groups showed no difference in 
coordination variability when it was averaged across the full stride cycle, but the PFP 
group had less variability in the thigh rotation/leg rotation segment coupling at heel 
strike. Less variability seen in the PFP group agreed with the CRP interpretation. Chang 
et al. [80] further developed vector coding as a means to quantify and interpret joint 
coordination by categorizing ranges of coordination patterns, shown in Table 2-1. 
Needham et al. [81] utilized this classification scheme to analyze lumbar-pelvis 
coordination during gait by vector coding. 
 
 A few comparisons have been made between the use of vector coding and CRP. 
As previously mentioned, studies by Heiderscheit and Hamill [22, 23] using the same 
subject data but different methods for quantifying coordination variability did not 
reproduce exact results, but gave a similar interpretation that runners with PFP showed 
less variability in at least one segment coupling. Dierks and Davis [82] examined joint 
coupling relationships in uninjured runners using both vector coding and CRP techniques. 
Results obtained from vector coding showed CA values greater than 45° for all periods of 
stance in three couplings (rearfoot eversion-inversion/tibial rotation, rearfoot eversion-
inversion/knee rotation, and tibial rotation/knee rotation), which indicated greater relative 
distal segment motion. However, CRP results revealed out-of-phase relationships for 
these couplings. Further, variability measured by vector coding was similar across all 
periods of stance for all couplings, while CRP variability was increased in the first and 
last periods. Miller et al. [71] performed a study to determine whether trends in 
coordination variability during movement are consistent between vector coding and CRP. 
CRP was found to produce a more conservative measure for variability than vector 
coding. One of the limitations of vector coding is the loss of higher-order information 
that may reduce its sensitivity. However, vector coding was said to have a more clinical 
application because interpretations can be made from the original positional signals. It 
was concluded that both CRP and vector coding may be valid methods for quantifying 
coordination and coordinative variability, but comparisons across these techniques may 
not be feasible. 
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Table 2-1. Categories used to describe coordination patterns 
 

Coordination Pattern Coupling Angle Range 
Anti-phase 112.5° ≤ CA < 157.5°, 292.5° ≤ CA < 337.5° 
In-Phase 22.5° ≤ CA < 67.5°, 202.5° ≤ CA < 247.5° 
Proximal 0°≤ CA < 22.5°, 157.5° ≤ CA < 202.5°, 337.5° ≤ CA ≤ 360° 
Distal 67.5° ≤ CA < 112.5°, 247.5° ≤ CA < 292.5° 

 
Reprinted with permission from Elsevier: 
Chang, R. et al. Quantifying rearfoot-forefoot coordination in human walking. Journal of 
Biomechanics, 2008; 41(14): 3101-3105.  
http://www.sciencedirect.com/science/article/pii/S0021929008003709 
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The vector coding method was selected to quantify joint coordination in this 
thesis for several reasons. First, joint angular excursions in human gait are generally not 
sinusoidal oscillators. Vector coding has the capability to be applied to both sinusoidal 
and non-sinusoidal data, unlike CRP that may produce artificial oscillations in non-
sinusoidal signals. Second, vector coding does not require normalization, which is a 
procedure that has been used in CRP analysis inconsistently and with some debate. Third, 
the CA may be more clinically relevant than the PA and CRPθ because physical 
rehabilitation is often based on the spatial relations between joints or segments. The CRPθ 
contains both displacement and velocity quantities, and its spatio-temporal information is 
not easily broken down to interpret contributions made exclusively by the spatial 
component. On the other hand, the CA is a spatial parameter that describes relative 
movement patterns between two joints or segments, and therefore, may be more useful in 
clinical a setting.  
 
 

Movement Coordination and Coordinative Variability in ACLR Individuals 
 
 CRP was used to analyze relative phase dynamics in individuals with a 
reconstructed ACL during walking and running [83]. Sagittal plane motion in foot-shank 
and shank-thigh segment couplings was examined across the stance phase. The mean 
absolute value of the ensemble CRP curve values (MARP) was calculated as the average 
of the absolute values at all points on the ensemble curve. The ACLR group had a higher 
MARP than controls for the foot-shank coupling during walking, and a lower MARP for 
the shank-thigh coupling during walking and foot-shank coupling during running. While 
the timing of peaks on the foot-shank CRP curve was similar between both groups, the 
control group had a greater peak magnitude, which led the authors to suppose that 
coordination dynamics at the ankle joint were affected by ACL reconstruction. Also, the 
ACLR group demonstrated a more out-of-phase relationship in the shank-thigh coupling 
during late stance in walking.  
 

Gribbin et al. [27] studied the effect of ACL reconstruction on the hip-knee joint 
coupling during walking and jogging using vector coding methods. Magnitude of 
excursion and CA were calculated across the gait cycle, and variability was defined as the 
consistency of magnitude and CA quantified on a scale from 0 to 1, representing no 
variability and maximum variability, respectively. The magnitude of joint excursion for 
the hip transverse-knee frontal coupling was increased in the ACLR group during late 
swing, but decreased in all other couplings (hip frontal-knee frontal, hip frontal-knee 
sagittal, hip frontal-knee transverse, hip sagittal-knee frontal, and hip sagittal-knee 
transverse) during all sub-phases in walking compared to controls. CA values were 
increased in the ACLR group during all sub-phases of walking, and variability was also 
increased in the ACLR group during mid- and late stance phases of walking for all 
couplings except the hip sagittal-knee frontal and hip sagittal-knee transverse couples 
during mid-stance. Findings of decreased magnitude of joint excursion in the ACLR 
group suggested that the ACLR knee may experience constrained motion as a strategy for 
stabilizing the joint. Further, the authors proposed that the increased variability in the 
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ACLR group could represent a struggle to find an optimal movement pattern in the 
ACLR limb.  

 
In an effort to measure coordination variability in individuals with ACLR during a 

dynamic sport-specific task, Pollard et al. [84] evaluated lower extremity coupling in 
female soccer players with ACLR during a side-step cutting maneuver. A vector coding 
technique was used to calculate the CA for several couplings; hip rotation/knee 
abduction-adduction, hip flexion-extension/knee abduction-adduction, hip rotation/ankle 
inversion-eversion, knee abduction-adduction/knee flexion-extension, knee abduction-
adduction/ankle inversion-eversion, knee abduction-adduction/knee rotation, and knee 
flexion-extension/knee rotation. Within-subject variability was derived by calculating the 
standard deviation of the CA at each percent of stance across trials for each subject, and 
only the first 40% of the stance period was analyzed to represent the event of early 
deceleration. The ACLR group showed increased variability compared to controls in the 
hip rotation/knee abduction-adduction, hip flexion-extension/knee abduction-adduction, 
knee abduction-adduction/knee flexion-extension, and knee abduction-adduction/knee 
rotation couplings. 
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CHAPTER 3.    METHODOLOGY 
 
 

Instrumented Gait Analysis 
 
 The Motion Analysis Lab at the University of Tennessee Health Science Center 
(UTHSC) comprises an optoelectronic motion capture system (Qualisys, Gothenburg, 
Sweden) integrated with three force plates (AMTI, Watertown, MA, USA) embedded 
into the floor. Ten high-speed cameras track the motion of retroreflective markers placed 
on relevant bony landmarks, and the force plates measure ground reaction forces (GRF). 
The cameras emit infrared light that is reflected by the markers, and capture at a rate of 
100 Hertz (Hz). The force plates house a strain gauge in each corner configured in a 
Wheatstone bridge circuit that collects three-dimensional (3D) data. Force data is 
measured at a rate of 1000 Hz. Software (Qualisys Track Manager, Qualisys, 
Gothenburg, Sweden) digitizes the 3D location of the markers in relation to a global 
coordinate system, which corresponds to the orientation of the capture volume or 
laboratory. Marker trajectories can then be exported to modeling and analysis software 
like Visual 3-D (V3D) (C-Motion, Inc., Germantown, MD) to derive joint angles and 
other model-based computations.  
 
 

Data Collection 
 

Institutional Review Board (IRB) approval was obtained prior to data collection, 
and all subjects signed an informed consent form. Twenty subjects (nine females, eleven 
males; body mass index (BMI) 25±3.5 kg/m2) who had undergone unilateral ACLR 
(thirteen right, seven left) and been cleared to return to full activity were compared to 
twenty control subjects matched by gender and BMI (nine females, eleven males; BMI 
22.4±2.4 km/m2) (Table 3-1). The Centers for Disease Control and Prevention (CDC) 
divided the standard weight status categories into bins of 5 kg/m2, so the mean BMI for 
the ACLR and control groups were considered to be within an acceptable range for 
comparison (p=0.0015) [85]. 
 
 Kinetic and kinematic data were collected from all forty subjects during walking 
in the UTHSC Motion Analysis Laboratory. Retroreflective markers were attached to the 
subject for data collection. Calibration markers were placed on the following bony 
landmarks to define joint locations: the sacrum and bilaterally on the posterior superior 
iliac spine (PSIS), anterior superior iliac spine (ASIS), iliac crest, lateral femoral condyle, 
medial femoral condyle, lateral malleolus, medial malleolus, dorsum, fifth metatarsal, 
and first metatarsal. Tracking markers were attached in clusters of four on a rigid plate 
bilaterally to the lateral portions of the thigh and shank segments. A two-second static 
trial was captured for which the subject stood in a neutral position in the center of a force 
plate. Subsequently, motion trials were captured as the subject walked normally and at a 
self-selected speed (ACLR: 1.3±0.18 m/s, Control: 1.2±0.07 m/s) across the walking 
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Table 3-1. Mean±SD for subject metrics for the ACLR and Control groups 
 

Metric ACLR Control 
Gender  9 F/11 M 9 F/11 M 
BMI (kg/m2) 25±3.5 22.4±2.4 
Reconstructed/Matched Limb  13 R/7 L 13 R/7 L 
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platform. A gait trial was considered successful if the foot made full contact with at least 
one force plate. A minimum of three successful trials for each limb were collected for all 
subjects. 
 
 

3D Modeling and Joint Angle Calculations 
 
 V3D, a modeling and mathematical tool, was to analyze 3D motion data. Both 
static and motion files acquired from the motion capture system were imported into V3D 
to be assigned a biomechanical model. The following describes the detailed process of 
building the biomechanical model and the calculations used for deriving joint angles. 
 

A standing calibration trial was used to generate a six DOF skeletal model 
consisting of seven rigid segments: pelvis, thighs, shanks, and feet. This model assumed 
the capability of each joint to exercise three translational and three rotational movements, 
for a total of six variables describing joint position and orientation. The inverse 
kinematics (IK) model was not used to avoid over-constraining the knee joint, which 
could hide the true behavior of the ACLR knee. A laboratory, or global coordinate system 
(GCS) was generated for which the Z-axis is vertical, the Y-axis is positive in the 
direction of walking, and the X-axis is perpendicular to the Y- and Z-axes according to a 
right-handed Cartesian coordinate system. Each segment was assigned a fixed local 
coordinate system (LCS) that originates at its proximal end. Specific anatomical 
landmarks, which are based on marker location in the standing trial and described later, 
were used to establish the X-, Y-, and Z-axes that correspond to the individual LCS 
mediolateral, anterior-posterior, and inferior-superior axes, respectively. In this study, the 
pelvis was modeled as a CODA pelvis and its origin is the midpoint between the right 
and left anterior superior iliac spine (ASIS) markers. The transverse (XY) plane passes 
through both ASIS markers and the midpoint of the right and left posterior superior iliac 
spine (PSIS) markers. The X-axis of the pelvis LCS is oriented laterally and defined by 
the vector directed from the pelvis origin to the right ASIS. The Z-axis is oriented 
superiorly and defined perpendicular to the XY-plane. The Y-axis is defined as the cross 
product of the unit vectors representing the X- and Z-axes, and is oriented anteriorly. The 
hip joint centers are automatically derived from the CODA pelvis and are estimates based 
on regression equations from Bell et al. [86]. The pelvis has cylindrical geometry while 
the remaining six segments are modeled as truncated cones. The LCS of the thigh, shank, 
and foot segments are established by first calculating segment endpoints. The Z-axis is 
the vector that extends superiorly from the distal endpoint to the proximal endpoint. The 
frontal (XZ) plane passes through the medial and lateral markers on the distal end and the 
joint center on the proximal end. The Y-axis is directed anteriorly, and the X-axis is the 
cross product of the Y- and Z-axes. For the thigh segment, the distal endpoint is the knee 
joint center, which is the midpoint between the medial and lateral femoral condyles. The 
thigh’s proximal endpoint is the hip joint center. The Z-axis is the vector extending 
superiorly from the knee joint center to the hip joint center. The XZ plane passes through 
the medial and lateral femoral condyles on the distal end and the hip joint center on the 
proximal end. To obtain the anteriorly-directed Y-axis, the vector from the medial to 
lateral femoral condyle is crossed with the unit vector representing the Z-axis. The X-axis 
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is the cross product of the two unit vectors defining the Y- and Z-axes according to the 
right hand rule. For the shank, the distal endpoint is the ankle joint center, which is the 
midpoint between the medial and lateral malleoli. The proximal endpoint is the knee joint 
center. The Z-axis of the shank LCS is the vector extending from the ankle joint center to 
the knee joint center. The XZ plane passes through both malleoli markers and the knee 
joint center. The unit vector representing the Z-axis is crossed with the unit vector 
directed from the medial to lateral malleolus to give the Y-axis. The X-axis is the cross 
product of the two unit vectors defining the Y- and Z-axes. For the foot LCS, the distal 
endpoint is defined by the fifth metatarsal and a standard radius of 0.6 m. Its origin is the 
ankle joint center. The Z-axis is the vector extending from the distal endpoint to the ankle 
joint center. The Y-axis is the cross product of the unit vector representing the Z-axis and 
the vector from the distal joint center to the fifth metatarsal. The X-axis is the cross 
product of the unit vectors defining the Y- and Z-axes. Unlike the thigh and shank LCS, 
the foot LCS is rotated such that the Z- and Y-axes are directed anterior and superior, 
respectively. Also, the distal and proximal joint centers are located at different heights, 
which cause an offset from 0° of ankle dorsiflexion in what is considered the neutral 
position. A virtual foot was created to correct for this offset by adjusting the orientation 
of the foot LCS. In this method, the malleoli and fifth metatarsal are projected onto the 
floor so that they are in the same plane, and a modified foot LCS is created with these 
new virtual marker locations, as previously described. The modified foot LCS is oriented 
such that the Z-axis is directed superiorly and the Y-axis is directed anteriorly.  

 
A rotation matrix is constructed for each segment LCS that describes its 

orientation relative to the GCS and is used for joint angle calculations. A joint angle was 
defined as the orientation of the distal segment relative to the proximal segment. More 
specifically, a joint angle was obtained by transforming the distal segment LCS to the 
proximal segment LCS. Equation 3-1 [70] shows an example of deriving the rotation 
matrix of the knee joint by multiplying the shank (distal) LCS matrix by the transpose of 
the thigh (proximal) LCS matrix. Following the Cardan-Euler rotation sequence XYZ, 
the three angles extracted from the knee rotation matrix were flexion-extension (X), 
abduction-adduction (Y), and internal-external rotation (Z). 

 
                                                       RKnee = RShankRThigh’  (Eq. 3-1) 
 
 

Data Processing 
 
 Qualisys Track Manager (QTM) software (Qualisys, Gothenburg, Sweden) was 
used to label the markers before exporting the data files to V3D. In V3D, a six DOF 
skeletal model consisting of seven rigid segments (pelvis, thighs, shanks, and feet) was 
applied to the kinematic data. The pelvis was modeled as a CODA pelvis, and hip joint 
centers were calculated according to Bell’s equations [86]. The remaining six segments 
were modeled as frusta of right cones. Kinematic data were filtered using a low-pass 
fourth-order Butterworth filter with a cutoff frequency of 7 Hz, and interpolated using a 
least-squares fit of a third-order polynomial over a maximum gap of ten data points. 
Force data were filtered using a low-pass fourth-order Butterworth filter with a cutoff 
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frequency of 15 Hz. Only the stance phase of the gait cycle was analyzed, which was 
defined as the period from heel strike to toe off. A 15 N threshold was assigned to the 
GRF curve to identify these two events. Joint angles for the hip, knee, and ankle for 
flexion-extension, abduction-adduction, and internal-external rotation were calculated 
according to the Cardan rotation sequence XYZ described previously. 
 
 Joint angle data derived within V3D was exported to Matlab (MathWorks, 
Massachusetts, USA). A custom script was created that calculated the CA according to 
the vector coding technique, described in Chapter 2. The CA was calculated for each joint 
coupling in both limbs of every subject for all three trials. Circular statistics were used to 
obtain the mean CA across each period for each subject trial, as well as the standard 
deviation across CA means which corresponded to the measure of within-subject 
variability. Group means for the reconstructed and contralateral limbs from the within-
subject variability values were obtained for the ACLR and control groups. 
 
 

Statistical Analyses 
 
 Six joint couplings were selected for analysis based on kinematic differences 
found in the ACLR literature: hip abduction-adduction/knee abduction-adduction 
(HA/KA), hip abduction-adduction/knee rotation (HA/KR), hip flexion-extension/knee 
flexion-extension (HF/KF), hip rotation/knee abduction-adduction (HR/KA), hip 
rotation/knee rotation (HR/KR), and knee flexion-extension/ankle dorsiflexion-
plantarflexion (KF/ADF). The stance phase was further divided into four periods based 
on discrete events in the vertical GRF (vGRF) curve [82]. This was done to account for 
the changing functional demands (loading, weight acceptance, and propulsion) 
throughout this portion of the gait cycle. Initial loading (P1) was defined from heel strike 
(HS) to the first force peak to represent the loading due to impact force. Mid-stance (P2) 
was the interval between the first and second (maximum) force peaks, which 
corresponded to full bodyweight acceptance. Terminal stance (P3) was defined as the end 
of P2 to half the time to reach toe off (TO). The peak propulsive force typically occurs at 
the end of P3. Pre-swing (P4) began at the end of P3 and terminated at TO, which 
represented the unloading phase before swing occurs. 
 
 A Wilcoxon signed-rank test was used to compare the average variability of the 
reconstructed lower extremity between the ACLR and control groups for each joint 
coupling in each period. A second analysis was performed to consider both the 
reconstructed and contralateral limbs simultaneously. This was done by a multivariate 
analysis of variance (MANOVA) to compare the average variability between the ACLR 
and control groups for each coupling in each period. Cohen’s d was also calculated to 
evaluate the effect size of the observed differences. 
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CHAPTER 4.    RESULTS 
 
 

Coordination Variability 
 
 The ACLR group exhibited greater joint coordination variability compared to the 
matched control group in several couplings during different periods of stance. Contrary to 
the original hypothesis that stated ACLR individuals would show decreased joint 
coordination variability in this study, results showed increased variability for the ACLR 
group in the following couplings: hip abduction-adduction/knee rotation and hip 
rotation/knee rotation in P1, and hip rotation/knee abduction-adduction and hip 
abduction-adduction/knee abduction- in P3. Significant findings for joint coordination 
variability are reported in Table 4-1. Post-hoc tests for select couplings were performed 
following the MANOVA, and results showed significant findings for the contralateral 
limb of the ACLR group compared to the reconstructed-match limb of the controls, 
reported in Table 4-2. Cohen’s d is included in both tables to provide a measure of effect 
size in addition to the p-value. A value equal to 0.20 suggests a relatively small effect, 
whereas values of 0.50 and 0.80 suggest a medium and large effect, respectively. A 
summary of all the measures of variability as well as coordination phase are reported in 
the Appendix (Tables A-1 and A-2). Figure 4-1 is an example of an angle-angle 
diagram for hip rotation/knee abduction-adduction from one pair of matched subjects and 
Figure 4-2 is the corresponding coupling angle plot. Figure 4-3 is a second example of 
an angle-angle diagram for the same subject pair but for hip rotation/knee rotation, and 
the corresponding coupling angle plot is in Figure 4-4. The ensemble average for CA 
variability is plotted in Figure 4-5. 
 
 

Coordination Phase 
 
 The CA for each coupling in each period of stance was classified into one of four 
coordination phases based on the scheme developed by Chang et al. [80]. For the hip-
knee couplings, the hip had a greater contribution to motion relative to the knee in the 
proximal phase, and the opposite was true in the distal phase. The hip and knee rotated in 
the same direction if they were in-phase and in the opposite direction if they were anti-
phase. In the knee-ankle coupling, the knee was the proximal joint and the ankle was the 
distal joint. Differences in CA magnitude and classification between the ACLR and 
matched control reconstructed limbs are listed in Table 4-3. A proximal coordination 
pattern indicated more proximal joint (hip) contribution to motion relative to the distal 
joint (knee), whereas a distal coordination pattern indicated the inverse. An in-phase 
coordination pattern reflected motion in which both the proximal and distal joints rotated 
in either a positive or negative direction. For example, in-phase coordination for the hip 
abduction-adduction/knee rotation coupling during P2 was characterized by hip 
adduction and knee internal rotation. On the other hand, an anti-phase coordination 
pattern meant that the proximal and distal joints moved in opposition directions. For 
example, the hip rotation/knee abduction-adduction coupling displayed anti-phase  
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Table 4-1. Joint coordination variability in the reconstructed and matched limb 
for ACLR versus Control 
 

Coupling Period Variability (SD) 
(Mean ± Standard Deviation) 

p-Value Cohen’s d 

  ACLR Control   
HA/KR 1 9.2 ± 5.4 6.3 ± 3.0 0.083 0.68 
HA/KA 1 7.3 ± 7.0 4.5 ± 2.8 0.123 0.52 
HR/KR 1 17.0 ± 9.5 10.8 ± 6.9 0.017 0.76 
HA/KR 2 28.4 ± 17.9 17.6 ± 17.6 0.048 0.61 
HA/KA 2 24.7 ± 18.4 15.1 ± 12.1 0.114 0.62 
HA/KA 3 8.0 ± 6.3 4.8 ± 3.2 0.097 0.64 
HR/KA 3 21.5 ± 20.2 9.0 ± 6.0 0.017 0.84 
HR/KR 3 22.5 ± 17.9 14.1 ± 12.0 0.114 0.56 
 
HA/KR: hip abduction-adduction/knee rotation; HAKA: hip abduction-adduction/knee 
abduction-adduction; HR/KR: hip rotation/knee rotation; HR/KA: hip rotation/knee 
abduction/adduction 
 
 
 
 
Table 4-2. Joint coordination variability in the contralateral limb for ACLR 
versus the reconstructed-matched limb for Control 
 

Coupling Period Variability (SD) 
(Mean ± Standard Deviation) 

p-Value Cohen’s d 

  ACLR Control   
HA/KR 1 9.7 ± 6.5 6.3 ± 3.0 0.021 0.67 
HR/KR 1 15.5 ± 9.3 10.8 ± 6.9 0.044 0.58 
HR/KA 3 18.7 ± 19.1 9.0 ± 6.0 0.030 0.69 
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Figure 4-1. Angle-angle plot of the hip rotation/knee abduction-adduction 
coupling for one matched pair across the stance phase 
HS: heel strike; TO: toe off 
 
 
 
 

 
 

Figure 4-2. Coupling angle for hip rotation/knee abduction-adduction across the 
stance phase 
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Figure 4-3. Angle-angle plot of the hip rotation/knee rotation coupling for one 
matched pair across the stance phase 
HS: heel strike; TO: toe off 
 
 
 
 

 
 
Figure 4-4. Coupling angle for hip rotation/knee rotation across the stance phase 
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Figure 4-5. Ensemble average showing the coupling angle variability in hip 
rotation/knee abduction-adduction across the stance phase 
 
 
 
 
Table 4-3. Joint coordination phase magnitude (°) and classification for the 
reconstructed and matched limbs in ACLR versus Control  
 

Coupling Period Coordination Phase (°) 
 (Mean/Classification) 

  ACLR Control 
KF/ADF 1 17/Proximal 30/In-phase 
HA/KA 2 239/In-phase 190/Proximal 
HA/KR 2 230/In-phase 202/Proximal 
HR/KA 2 334/Anti-phase 350/Proximal 
KF/ADF 2 112/Distal 122/Anti-phase 
HR/KA 3 194/Proximal 205/In-phase 
HR/KA 4 146/Anti-phase 176/Proximal 

 
KF/ADF: knee flexion-extension/ankle dorsiflexion-plantarflexion 
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coordination during P2 in which the hip showed internal rotation while the knee showed 
slight abduction. 
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CHAPTER 5.    DISCUSSION 
 
 

The purpose of this study was to quantify joint coordination variability in 
individuals who have unilateral ACLR and compare their performance to gender- and 
BMI-matched control subjects during walking. Coordination phase was also assessed and 
classified into four categories to provide information about relative joint motion 
throughout stance. Vector coding was selected as the method for analysis because of the 
non-sinusoidal nature of gait, needless normalization procedure, straightforward 
application, and ability to translate the output to a clinically meaningful interpretation.  

 
 

Coordination Variability 
 

Contrary to the original hypothesis, the ACLR group demonstrated increased 
variability in the reconstructed limb for several joint couplings compared to the control 
group. Differences in coordination variability were found in the following joint 
couplings: hip rotation/knee rotation in P1, hip adduction-abduction/knee rotation in P2, 
and hip rotation/knee adduction-abduction in P3. These results suggest that despite 
meeting the criteria for return to sport, indicating a restoration of knee function and 
stability, individuals with ACLR exhibit altered coordinative function in their 
reconstructed lower extremity compared to non-injured controls. Coordination is a 
product of the dynamic interactions between the nervous system, musculoskeletal system, 
and environment, and the self-organized relations among these constituents are what 
allow for flexibility in movement patterns [87]. Therefore, deviations from normal 
coordination variability observed in ACLR individuals in the present study may be 
evidence of sensorimotor deficits relating to neuromuscular control. 

 
A number of studies have examined joint coordination variability in an injured or 

diseased population. Our results opposed findings of decreased variability in individuals 
with unilateral PFP [23], Parkinson’s disease [26], and low back pain [25]. However, the 
conflicting results may be attributed to the type of pathology present in the studied 
groups. PFP is an overuse injury, Parkinson’s disease is a neurological disorder, and low 
back pain is commonly caused by muscle spasm, strain or intervertebral disc 
degeneration, and all three are chronic injuries and present with pain. On the other hand, 
an ACL tear results from excessive valgus loading of the knee and is an acute injury, and 
should not cause pain once repaired. Kiefer et al. [88] were able to discriminate between 
athletes with and without ACLR based on inter-segmental postural coordination. The 
athletes balanced on their reconstructed (or matched) leg and tracked anterior-posterior 
movement of a target that oscillated at low or high frequency on a computer screen. 
Phase angles for the hip and ankle were calculated according to a CRP method, and CRP 
variability was measured from the within-trial standard deviation. The ACLR group had 
more variability for the low-frequency target oscillation, which was expected because the 
slower movement induced by this condition is more challenging. The authors interpreted 
the higher variability in the ACLR group as instability in these athletes, and suggested a 
decline in proprioceptive function post-reconstruction. Further discussion highlighted that 
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graft tissue used to reconstruct the ligament does not consist of mechanoreceptors, which 
are responsible for sensing changes in joint load and position. The lack of sensory 
feedback in an ACLR system would thus hamper the ability to coordinate motion. Pollard 
et al. [84] also reported increased lower extremity variability in an ACLR subject group 
compared to controls, but during a side-step cutting maneuver. A vector coding method 
was used to obtain measures of coordination variability in select joint couplings of which 
hip rotation/knee abduction-adduction, hip flexion-extension/knee abduction-adduction, 
knee abduction-adduction/knee flexion-extension, and knee abduction-adduction/knee 
rotation showed differences between groups. In agreement with Kiefer et al. the authors 
offered altered neuromuscular control as a cause for the increased variability observed in 
the ACLR group. They also considered increased variability as a potential risk factor for 
re-injury or development of osteoarthritis. Individuals with ACLR in the present study 
similarly exhibited increased variability in the hip rotation/knee abduction-adduction 
coupling, but no other comparisons could be made because the remaining couplings were 
not analyzed. 
 
 Gribbin et al. [27] conducted a fairly congruent study to the one presented in this 
thesis. On the basis of dynamical systems theory, an injury may introduce new 
constraints to a movement system that affect the number of available DOF to complete a 
task. Accordingly, some movement patterns may no longer be accessible due to the 
newly imposed constraints, which might force an individual with ACLR to change their 
movement strategy. Therefore, hip-knee joint couplings were compared between ACLR 
and healthy individuals during walking to detect whether differences in variability exist. 
A vector coding method was used, and vector coding variability was defined as the 
consistency between the magnitude of joint excursion and coupling angle. Subjects 
walked on the treadmill at a set speed (4.83 km/h) while kinetic and kinematic data were 
collected. Ten strides were analyzed for each subject, and the gait cycle was divided into 
loading response, mid-stance, late stance, and swing phases by percentages. The ACLR 
group demonstrated increased variability during mid- and late stance for hip abduction-
adduction/knee abduction-adduction, hip abduction-adduction/knee flexion-extension, 
hip abduction-adduction/knee rotation, and hip rotation/knee abduction-adduction 
couplings. Similarly, our study found increased variability in hip abduction-
adduction/knee rotation during mid-stance and hip rotation/knee abduction-adduction 
during terminal stance. Increased variability in hip rotation/knee rotation during the 
loading response was also detected in the ACLR group. However, a few discrepancies 
should be noted between both studies. Subjects in the former study walked on a treadmill 
at a prescribed speed and subjects in the present study walked along a platform at a self-
selected pace. Also, different definitions of variability as well as gait phases were 
applied. Nonetheless, the overall interpretation of both sets of results was that individuals 
with ACLR had more variability in hip-knee coordination during walking compared to 
healthy individuals. Inconsistent motion displayed in the ACLR group could, again, 
reflect a deficit in sensorimotor control. The authors suggested that individuals with 
ACLR could not find optimal movement strategies and therefore, had not adapted to the 
new constraints triggered by ACL injury and reconstruction.  
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 Moraiti et al. [89] also reported an increase in gait variability in ACLR 
individuals compared to controls, but measured the largest Lyapunov Exponent (LE) to 
quantify variability instead of vector coding or CRP. This nonlinear analysis method 
considers variability to have a chaotic structure but also a deterministic pattern [60]. The 
maximal LE describes dynamic stability by first converting kinematic data from a time 
series to a phase space, then determining the rate of divergence of neighboring 
trajectories [62]. ACLR individuals had larger LE values for their reconstructed limbs 
than controls for knee flexion-extension during walking, which indicated a high amount 
of divergence and thus instability. The LE for a system that is stable is zero, which 
indicates minimal or no divergence in the trajectories, and is representative of a sinusoid 
[89, 90]. The contralateral limb also had larger LE values in the ACLR group compared 
to controls, and this was considered a compensatory mechanism in the reconstructed 
population. The present study also found an increase in variability in the ACLR 
contralateral limb compared to the reconstructed-matched limb of the controls. This was 
for the hip rotation/knee abduction-adduction coupling during P3. Van Emmerik et al. 
[62] consider the LE method to work well for gait analysis because it does not assume 
periodic motion. Also, the LE describes the progression of locomotor stability over 
several consecutive strides, whereas each gait cycle is regarded as independent in other 
methods that measure variability relative to the mean. However, the LE is not a true 
measure of variability because it only quantifies system divergence while variation is also 
a quantity of convergence. Therefore, LE is better used to describe stability. Variability 
and stability have distinct definitions that relate to each other but are not synonymous 
[18]. Moreover, the LE method does not consider the interaction between joints like in 
vector coding, but rather the consistency of one joint motion over a series of cycles. 
Nonetheless, Moraiti et al. [89] reported a difference in knee stability between ACLR and 
control groups and related it to neuromuscular function, similar to the aforementioned 
studies. 
 
 Electromyography (EMG) is another method that has been used to assess changes 
in gait following ACL reconstruction. Although muscle weakness is expected after 
surgery, persistent quadriceps weakness has been reported in the ACLR population even 
at the time of return to sport [91]. Keays et al. [92] reported a significant correlation 
between quadriceps strength and knee joint stability, and Thomas et al. [93] reiterated 
that muscle weakness could contribute to the potential for re-injury by affecting 
movement strategies. Coats-Thomas et al. [94] compared muscle activity of the lower 
extremity between ACLR and ACL-intact individuals during a jump-cut maneuver. 
Muscle peak times and ratios of quadriceps/hamstrings and gastrocnemius/hamstrings 
muscle activity were obtained. Muscle peaks occurred faster in the ACL-intact group, and 
the quadriceps/hamstrings activity ratio was almost three times greater in ACLR 
individuals during the loading phase. The observed difference in muscle peak timings 
was related to a sensory deficit in the ACLR group, which could be due to impaired 
proprioception and damaged mechanoreceptors. An increase in the quadriceps/hamstrings 
activity ratio was indicative of a quadriceps-dominant activation pattern. Increased 
contraction of the quadriceps keeps the knee in a more extended position, which increases 
the risk for ACL injury. Therefore, this finding was suggested as a potential cause of re-
injury in the ACLR population.  
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Coordination Phase 
 
 Determining the amount of relative motion each joint contributes to a movement 
could reveal any compensatory or other mechanisms present as a result of injury or 
dysfunction within a system. Therefore, CA magnitude for each coupling in each period 
was classified into four types of coordination phases that describe relative joint motion. 
The study by Gribbin et al. [27] mentioned previously reported increased CAs in the 
ACLR group during walking compared to a healthy group, which suggested that the 
individuals with ACLR contributed more knee motion relative to the hip to accomplish a 
stride. This result was attributed to the hip acting as a primary stabilizer in order to 
promote knee joint stability. Specifically, an increased CA was observed in the hip 
abduction-adduction/knee flexion-extension, hip abduction-adduction/knee rotation, and 
hip flexion-extension/knee rotation couplings. Unfortunately, it is difficult to directly 
compare these findings to the coordination phases reported in this thesis because a 
different methodology was used in each study. The former study manipulated the CA 
range to be between 0° and 90°. A CA less than 45° was considered to represent greater 
hip motion relative to knee motion, and the opposite was true for a CA greater than 45°. 
A CA equal to 45° indicated equal contribution of each joint to the overall movement. On 
the other hand, the CA fell between 0° and 360° for the present study. The larger CA 
range comprises more phase categories, which were defined in Chapter 2 but will be 
repeated here. A distal coordination pattern (CA from 67.5° to 112.5° and 246.5° to 
292.5°) described motion that is dominated by the distal joint of the coupling, which 
would be the knee in the case of a hip-knee relationship. A proximal coordination pattern 
(CA from 0° to 22.5°, 157.5° to 202.5°, and 337.5° to 360°) indicated the reverse, where 
the proximal joint is the primary contributor to motion. Additionally, anti-phase (CA 
from 112.5° to 157.5° and 292.5° to 337.5°) and in-phase (CA from 22.5° to 67.5° and 
202.5° to 247.5°) coordination patterns specified that both joints rotated in the opposite or 
same direction, respectively. 
 
 The present study found several instances of altered coordination patterns 
between both groups. For the hip abduction-adduction/knee abduction-adduction 
coupling during mid-stance (P2), the ACLR group showed an in-phase relationship but 
controls demonstrated increased hip contribution. In normal gait the hip adducts in early 
stance and undergoes more frontal plane motion than the knee, which is consistent with 
the proximally dominant coordination pattern seen in the control group. However, the 
observed in-phase pattern in the ACLR group could support the idea offered by Gribbin 
et al. that the hip is acting as a stabilizer, and thus has constrained motion. The same 
coordination patterns were also found in the hip abduction-adduction/knee rotation 
coupling during P2, and a similar conclusion can be drawn. Since the knee is mostly 
extended during mid-stance, it does not experience much internal-external rotation. 
Therefore, the hip should contribute more frontal plane motion in this coupling. 
However, the ACLR group again exhibited decreased hip motion, indicative of a 
stabilizing role.  
 

For the hip rotation/knee abduction-adduction coupling during P2, the control 
group maintained a proximally dominant coordination pattern but the ACLR group 
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displayed anti-phase motion. The hip normally reaches peak internal rotation during mid-
stance, and the knee exhibits minimal frontal plane motion throughout the gait cycle, 
which is reflected in the control coordination pattern. Conversely, the knee appeared to 
abduct slightly in the ACLR group while the hip was internally rotated, which is 
reflective of their anti-phase pattern. Interestingly, this coupling transitioned to a 
proximally dominant pattern in individuals with ACLR during terminal stance (P3) while 
controls exhibited in-phase motion. During terminal stance, the hip progresses towards 
maximal extension, and this is accompanied by internal rotation. Individuals with ACLR 
seemed to depend primarily on the hip during this stance period, avoiding frontal plane 
knee motion. On the contrary, the control group demonstrated both hip internal rotation 
and knee adduction. The more unstable position that occurs as the heel lifts off the 
ground during terminal stance possibly triggers individuals with ACLR to limit knee 
motion as a protective mechanism. Finally in pre-swing (P4), hip rotation/knee 
abduction-adduction was in anti-phase coordination in the ACLR group but controls 
demonstrated hip dominance. In this portion of stance, the hip begins to flex, and this is 
accompanied by external rotation. Results suggest that individuals with ACLR may be 
unable to control frontal motion at the knee prior to the swing phase. It is also possible 
that the hip has reduced rotational motion to help stabilize the knee.  
 

Although no differences in variability between ACLR and control groups were 
observed in the knee-ankle coupling for flexion-extension, there was evidence of altered 
coordination patterns. In P1, knee flexion-extension/ankle dorsiflexion-plantarflexion 
was dominated proximally in individuals with ACLR but showed an in-phase relationship 
in controls. During the loading response (P1) in normal gait, the knee is extended at foot 
contact and progresses into slight flexion, and the ankle shifts from a neutral or 
dorsiflexed position into plantarflexion. More knee joint contribution relative to the ankle 
in ACLR individuals may indicate limited ankle range of motion (ROM), which has been 
associated with patellar tendinopathy [51, 52] and related to risk factors for ACL injury 
[11, 95, 96]. During mid-stance (P2), dominant joint contribution shifted distally in the 
ACLR group while the control group displayed anti-phase coordination. In typical gait, 
the knee transitions from flexion to extension during the mid-stance period and the ankle 
transitions from plantarflexion to dorsiflexion. The knee and ankle move in opposite 
directions, which is reflective of anti-phase motion and was observed in the control 
group. It is possible that ACLR knees are constrained during this period as a protective 
mechanism, or they may show stiffness as a result of reconstruction.  
 
 

Limitations 
 
 It is important to acknowledge the limitations present in this study to allow for 
proper interpretations and comparisons of the results. Related to the ACLR subject 
demographic, ACL graft type and limb dominance were different within the group. Five 
subjects had bone-patellar tendon-bone autografts, one subject had a patellar tendon 
allograft, one subject had an Achilles allograft, three subjects had allografts but their 
origin was undocumented, and the graft choice for the remaining ten subjects was 
unknown. Webster et al. [97] showed that differences exist in external knee moments 
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during walking depending on the type of graft used in ACL reconstruction (patellar 
tendon versus hamstring tendon), so is it possible that there could be a concomitant effect 
relating to graft type. However, Naendrup et al. [98] reported that all graft types used for 
ACL reconstruction produce similar kinematic outcomes in which anterior joint stability 
is restored. The present study also included subjects with ACL reconstructions on either 
the right or left side, without taking into account limb dominance. In a study examining 
lower limb dominance related to knee joint kinematics following ACL reconstruction 
[99], non-dominant ACLR knees demonstrated less extension and dominant ACLR knees 
demonstrated less varus rotation compared to their contralateral knees, respectively, 
during walking. However, Brown et al. [100] determined that lower extremity limb 
dominance did not have an effect on kinematic patterns during treadmill running in 
healthy subjects. Limb dominance should not have an effect on the interpretation of the 
present results because control limbs were matched by side and a statistical test 
(MANOVA) was performed that included all four limbs in one comparison. 
 

Both female (n=18) and male (n=22) subjects participated in this study, but 
females are reportedly at an increased risk for incurring an ACL injury compared to 
males [101]. The gender gap in ACL incidence is a result of different anatomical, 
hormonal, and biomechanical factors [102] like bony alignment, menstrual cycle, and 
muscle strength, respectively. Barrett et al. [103] studied gender differences in the 
variability of lower extremity kinematics and showed that females had lower variability 
in several individual joint rotations at different gait speeds on the treadmill. Pollard et al. 
[48] evaluated gender differences in lower extremity coupling variability and found 
women had less variability in more than half of the joint couplings compared to men. 
Decker et al. [104] reported gender differences in kinematics and energy absorption 
strategies during landing, and Malinzak et al. [105] revealed differences in knee joint 
angles and thigh muscle activations in a variety of athletics tasks between female and 
male recreational athletes. However, the inclusion of gender-matched control subjects 
should account for any possible discrepancies between genders.  
 

Soft tissue artifact (STA) is a prevalent source of error in human movement 
analysis, but a systematic review of the literature [106] reported that efforts to resolve 
this issue remain inconclusive. Benoit et al. [107] attempted to quantify the effect of STA 
on knee kinematics during gait using intra-cortical bone pins and skin markers. Results 
showed rotational errors up to 4.4° between the two marker sets. Another study [108] 
claimed that sagittal plane rotations of the knee are similar between radiostereometric 
(invasive) and optical tracking (non-invasive) methods, while frontal and transverse plane 
rotations were less accurate for the optical system. Leardini et al. [109] confirmed that 
rotation in the sagittal plane, representing flexion-extension, can be determined reliably 
using an optoelectronic system. It was supposed that application of joint constraints to the 
3D skeletal model may minimize STA error, however, prescribing constraints to a 
pathological system could hide inherent characteristics related to its abnormal function. 
The authors suggested assessing subject-specific patterns of STA in ad-hoc exercises or 
developing a general STA characterization based on a large series of measurements on 
different subject populations as possible methods for minimizing STA error. STA error is 
also considered to be larger for higher impact activities. Interestingly, Gao and Zheng 
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[110] investigated translations and rotations of skin markers during level walking and 
argued that STA may have inter-subject similarity. 
 
 There are two types of models that are commonly used in biomechanics research. 
An inverse kinematics (IK) model sets joint constraints that restrict certain motion 
between segments. Reducing the DOF by adding joint constraints minimizes the effect of 
STA on the calculation of joint rotations [111], however, the prescribed motion produced 
by joint constraints may also conceal pathology. On the other hand, the 6DOF model 
allows all joint translations and rotations. The unconstrained approach may be more 
suitable for analyzing ACLR kinematics to avoid the risk of hiding abnormal motion of 
the reconstructed knee. Further, the knee has a floating axis about which abduction-
adduction occurs that is permitted in the 6DOF model, but would be restricted to a fixed 
axis in the IK model. Robinson et al. [112] compared the estimations of knee joint 
kinematics and kinetics derived from a 6DOF and IK model for a side-cutting maneuver. 
The 6DOF model included the trunk, pelvis, thighs, shanks, and feet, and each local 
coordinate system was obtained from a static trial. The IK model consisted of the same 
segments as in the 6DOF model, but the hip, knee, and ankle were assigned translational 
joint constraints and the trunk had 3 rotational DOF relative to the pelvis. Root mean 
square error (RMSE) was used to determine the similarity between both models in the 
calculation of knee angles and moments. Results showed that peak flexion and abduction 
moments were greater in the 6DOF model, and the largest RMSE was observed in the 
knee abduction-adduction angle; the 6DOF model showed that the knee was in abduction 
throughout the stance phase while the IK model showed that it was in adduction. 
However, the classification of ACL injury risk, which was based on peak frontal plane 
knee moments during weight acceptance, was consistent despite the reported kinematic 
and kinetic differences between both models. The observed differences in knee angles 
and moments were attributed to STA for the 6DOF model and joint constraints for the IK 
model. The present study used a 6DOF model to preserve true knee joint motion. The 
model showed no signs of disarticulating joints or severely aberrant motion, which are 
common indicators of STA. Moreover, motion trials consisted only of walking, which is 
a low-impact task, and more dynamic activities such as jumping and cutting are 
reportedly more likely to be influenced by STA [113]. Also, all subjects were within the 
normal range of BMI, so excessive STA was not expected. 
 

Another modeling problem is defining the foot segment. In the present study the 
foot was modeled as a rigid, single segment. It has been reported that a single-segment 
foot model does not accurately represent the foot’s complex bony anatomy or how it 
functions, specifically in inversion-eversion and abduction-adduction, and in the case of 
foot deformities, which were not present in this study. Despite this limitation, many 
current gait evaluations still employ a one-segment foot model [114]. Therefore, a single-
segment foot model was used, but only sagittal plane motion (dorsiflexion-plantarflexion) 
was analyzed. 
 

Walking speed is often debated in gait analysis. A set walking speed may 
eliminate the possibility of having a concomitant effect, but subjects may also adjust their 
normal gait to achieve the prescribed speed. The present study had individuals walk at 
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their preferred speed, which allowed them to walk naturally. Walking speeds for each 
group were compared using an independent two-sample t-test, and were not found to be 
significantly different (p=0.06).  
 

Lastly, many studies that assessed joint coordination variability using vector 
coding or CRP divided the stance phase into intervals to get a better representation of 
variability within different stages of gait [23, 27, 80]. Intervals were commonly defined 
as a percentage of the stance phase. However, in the present study the stance phase was 
divided into four periods based on vGRF [82, 115]. Consequently, periods were specific 
to each individual trial to accommodate differences in timing between subjects. This 
method was considered to provide a more sensitive representation of each sub-phase of 
gait. 
 
 

Conclusion 
 
 This study comprised a total of forty-eight hypothesis tests. Multiple statistical 
comparisons increase the probability of making a Type I error, which results in a false 
positive claim. In other words, the null hypothesis is rejected in favor of the alternate 
hypothesis when the observed difference is in fact a product of random chance, and does 
not represent true variation between two populations. The goal of this study was to 
quantify and compare lower extremity joint coordination between ACLR and healthy 
individuals, and current literature pertaining to this objective is limited with respect to the 
use of vector coding for evaluation of gait in an ACLR subject group. Therefore, the 
broad investigation of joint coordination variability presented in this thesis provided a 
framework for future studies that should focus on hip-knee couplings in both frontal and 
transverse planes from heel strike to terminal stance. The inclusion of Cohen’s d further 
suggested a medium to large effect of ACLR on select measures of variability, and 
provided additional support for the pursuit of a better understanding of joint coordination 
in the ACLR population, specifically for hip rotation/knee abduction-adduction and hip 
rotation/knee rotation couplings. 
 
 Although this study evaluated joint coordination variability during walking, which 
is a low-impact activity that is not associated with risk for ACL injury, the reported 
findings may indicate that individuals with ACLR do not display normal coordinative 
function even in daily activities. The increased variability seen in individuals with ACLR 
during walking relative to normal may be an indicator for the risk of injury during more 
dynamic tasks like jumping and pivoting. Also, since the present study was retrospective 
it remains unknown whether increased coordination variability is a cause for, or effect of 
ACL injury and subsequent repair. Overall, individuals with ACLR were shown to 
exhibit increased joint coordination variability in several hip-knee couplings compared to 
matched controls during walking. Individuals with ACLR also displayed altered 
coordination patterns. The results of the present study suggest that coordinative function 
may not be fully restored in individuals with ACLR following rehabilitation and/or return 
to sport, or abnormal coordinative function may be an implication for ACL injury. 
Further investigation that is prospective, focuses primarily on hip-knee coupled motion in 
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frontal and transverse planes, includes assessment of EMG in addition to kinematics, 
involves both walking and more dynamic activities, and is specific to one graft type may 
contribute relevant information for improving ACL injury prevention and rehabilitation, 
and may supplement research relating to the development of osteoarthritis. 
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APPENDIX.  SUMMARY OF JOINT COORDINATION AND JOINT 
COORDINATION VARIABILITY MEASURES 

 
 
Table A-1. Summary of joint coordination variability measures for all joint 
couplings and stance periods  
 

Period Joint 
Coupling 

 

Variability (°) (Mean ± Standard Deviation) 
ACLR Control ACL-C Control-C 

1 HA/KA 7.3 ± 7.0 4.5 ± 2.8 5.8±3.4 5.4±3.3 
 HA/KR 9.2 ± 5.4 6.3 ± 3.0 9.7±6.5 6.8±5.3 
 HF/KF 5.4 ± 3.4 5.6 ± 3.5 4.6±2.5 6.1±3.7 
 HR/KA 20.2 ± 19.3 20.6 ± 20.0 21.7±16.4 23.0±18.7 
 HR/KR 17.0 ± 9.5 10.8 ± 6.9 15.5±9.3 14.4±13.1 
 KF/ADF 7.8 ± 4.5 5.8 ± 2.8 6.8±3.7 9.2±13.5 

2 HA/KA 24.7 ± 18.4 15.1 ± 12.1 16.2±15.5 19.8±20.6 
 HA/KR 28.4 ± 17.9 17.6 ± 17.6 18.9±16.0 18.1±14.2 
 HF/KF 2.8 ± 1.9 2.6 ± 1.3 2.3±1.8 3.0±2.0 
 HR/KA 13.2 ± 11.3 13.5 ± 13.7 15.0±12.2 21.4±21.3 
 HR/KR 17.7 ± 14.8 18.1 ± 16.4 16.9±14.7 12.9±11.2 
 KF/ADF 7.5 ± 5.7 9.4 ± 6.0 6.4±2.8 10.3±11.7 

3 HA/KA 8.0 ± 6.3 4.8 ± 3.2 5.2±2.5 5.3±2.6 
 HA/KR 10.2 ± 6.0 8.2 ± 5.1 9.6±4.6 8.6±5.5 
 HF/KF 2.5 ± 1.2 2.9 ± 2.7 3.6±3.0 3.0±4.3 
 HR/KA 21.5 ± 20.2 9.0 ± 6.0 18.8±19.1 11.1±8.2 
 HR/KR 22.5 ± 17.9 14.1 ± 12.0 20.0±19.3 13.5±15.2 
 KF/ADF 2.7 ± 1.3 3.3 ± 1.8 3.3±1.8 3.2±2.8 

4 HA/KA 3.4 ± 2.6 3.8 ± 2.3 4.7±2.8 4.2±2.4 
 HA/KR 5.8 ± 4.0 6.7 ± 3.9 6.0±3.8 8.1±6.0 
 HF/KF 0.8 ± 0.5 1.2 ± 0.8 1.3±0.9 1.3±1.4 
 HR/KA 7.8 ± 5.4 6.4 ± 4.3 11.0±11.3 8.0±6.9 
 HR/KR 8.1 ± 8.9 10.9 ± 10.8 9.5±13.3 10.4±9.2 
 KF/ADF 1.8 ± 1.1 1.9 ± 1.1 1.7±0.9 1.7±0.9 
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Table A-2. Summary of joint coordination patterns for all joint couplings and 
stance periods 
 

Period Joint 
Coupling 

Coordination Phase (Mean (°)/Classification) 

  ACLR Control 
1 HA/KA 9/Proximal 6/Proximal 

 HA/KR 32/In-phase 32/In-phase 
 HF/KF 126/Anti-phase 129/Anti-phase 
 HR/KA 81/Distal 94/Distal 
 HR/KR 74/Distal 72/Distal 
 KF/ADF 17/Proximal 30/In-phase 

2 HA/KA 239/In-phase 190/Proximal 
 HA/KR 230/In-phase 202/Proximal 
 HF/KF 184/Proximal 188/Proximal 
 HR/KA 334/Anti-phase 350/Proximal 
 HR/KR 358/Proximal 3/Proximal 
 KF/ADF 112/Distal 122/Anti-phase 

3 HA/KA 189/Proximal 196/Proximal 
 HA/KR 191/Proximal 171/Proximal 
 HF/KF 95/Distal 97/Distal 
 HR/KA 194/Proximal 205/In-phase 
 HR/KR 202/Proximal 170/Proximal 
 KF/ADF 332/Anti-phase 332/Anti-phase 

4 HA/KA 161/Proximal 180/Proximal 
 HA/KR 223/In-phase 209/In-phase 
 HF/KF 73/Distal 71/Distal 
 HR/KA 146/Anti-phase 176/Proximal 
 HR/KR 238/In-phase 218/In-phase 
 KF/ADF 318/Anti-phase 319/Anti-phase 
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