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ABSTRACT

External tibial torsion is an individual anatomical variation in the leg segment that alters
musculoskeletal alignment which may increase risk of ACL rupture; however, the effect of
external tibial torsion on lower body kinematics in healthy and ACL injured populations is
underreported. The purpose of this dissertation was threefold: first to examine tibial torsion as a
potential mediator of tri-planar leg rotation during a partial squat, second to compare tibial
torsion angles between women with and without ACL injury; and third to investigate the
influence of tibial torsion on cross-planar segmental contributions to lower body joint motion in
women with and without ACL injury during squatting and landing. To accomplish these
objectives, three studies were completed. Study 1: fourteen physically active men (29.4 + 7.9
years old, 1.78 + 0.06 m tall, 77.9 = 9.2 kg body mass) and sixteen physically active women
(25.1 £ 6.0 years old, 1.68 + 0.07 m tall, and 63.5 £+ 6.7 kg body mass) volunteered to be in the
study. Each participant performed three consecutive partial squats to maximum dorsiflexion for
motion analysis. External tibial torsion was significantly correlated with transverse plane leg
(R?=0.459), knee (R*=0.262) and thigh (R*=0.158) angular excursions. Study 2: fifteen
physically active women with ACL injury (24.6 + 7.3 years old, 1.68 + 0.08 m tall, and 67.6 +
11.6 kg body mass), and fifteen physically active women without ACL injury (25.9 £ 5.9 years
old, 1.69 = 0.07 m tall, and 63.7 + 6.0 kg body mass) volunteered to be in the study. Tibial
torsion was measured using motion analysis, in the ACL injured and non-injured participants, for
the left and right limbs. ACL injured women had significantly greater external tibial torsion
angles (19 + 4 degrees) compared to the healthy control participants (12 + 4 degrees). Cohen’s
effect size value (d=1.79) suggested a high practical significance. Study 3: fourteen physically

active women with reconstructed unilateral ACL injury (23.2 + 2.4 years old, 1.71 + 0.07 m tall,



and 67.3 £ 10.8 kg body mass), and thirty-four physically active women, divided in groups based
on external tibial torsion, without ACL injury (23.8 + 4.1 years old, 1.68 + 0.05 m tall, and 64.9
+ 9.4 kg body mass) participated in a three group case-control study design. The three groups
consisted of ACL injured participants, high tibial torsion control participants, and low tibial
torsion control participants. Participants performed three body weight partial squats, six two-
foot vertical jump landings, and six step-off box landings (three left foot lead and three right foot
lead) for motion analysis. Transverse plane leg medial rotation was higher in the low torsion
group than the high torsion group (d=1.06) and the ACL injured group (¢=0.42). During the
jump and box landings, ankle plantar flexor net joint moment was greater in the low torsion
group than the high torsion group (d=1.43), and the ACL injured group (¢=0.82). During the
jump landings, frontal plane peak leg abduction was greater in the high torsion group compared
to the low torsion group (d=0.54) and the ACL group (d=0.61). In conclusion, these data
suggest there are similarities between kinematics known to be ACL injury risk factors and lower
body kinematics that have been linked to individuals who demonstrate greater external tibial
torsion. External tibial torsion must be considered when discussing differences in lower body

motion and ACL injury for squatting and landing.
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CHAPTER 1

Literature Review

1.1 Introduction

Lower extremity segment movement patterns are complex and interrelated. Lower limb
alignment and musculoskeletal injury are understood to be interactive, but these reports are
sometimes conflicting. The ultimate goal of this project was to provide observational evidence
of the effect of tibial torsion, as an anatomic variation, on lower body segment kinematics. The
author was interested in the lower limb variations that may occur during static and dynamic
human movement tasks. The research project investigated how this variation may influence
kinematic and kinetic parameters in three-dimensional segment motion. Particular consideration
was given to movements that may present a potential risk to the integrity of the anterior cruciate

ligament (ACL) in women.

1.2 Segment rotation and joint motion

The evaluation of three-dimensional (3D) joint kinematics in biomechanics research
entails the description of the position and orientation of one bony segment relative to another
segment. Additionally, 3D joint kinetics describe the forces (and torques) causing relative
segment translations or rotations. For example, the interpretation and understanding of the knee
joint comes from understanding the movement of the thigh and leg segments during the
movement of interest. The human body is therefore described as a series of linked (joints) rigid

bodies (segments), where each segment may move independently in 3D space. Each segment is



considered to have six degrees of freedom: three linear, along the X, Y, and Z axes and three
rotational about those same axes (1). The cross product of the +X and +Y axes is the +Z axis.
The right hand rule states that if the thumb of the right hand points in the positive direction of an
axis, the fingers will curl around the axis in the direction of positive rotation about that axis. All
movements are translations along and/or rotations about these coordinate axes. Conventions for
this project place the X (medio-lateral) and Y (anterior-posterior) axes on the horizontal plane,
and the Z axis (superior-inferior) is vertical. Figure 1.1 depicts the positive conventions assumed

for this research in terms of translation and rotation, following the right hand rule.
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Figure 1.1 Diagram showing positive translations and rotations about XYZ axes.

Bony segments are linked by joints. The definition of a joint, however, is different in

anatomy when compared to a mechanical definition. Anatomically speaking, a joint is most



often defined as the union or junction where two or more bones articulate. It is often described
as the area between bones or rigid parts of the skeleton and is treated as its own entity (2). In
mechanics, a joint is defined as the connection between two (or more) rigid bodies that may
impose constraints on the involved segments’ relative motion. The joint itself is the connection,
or link maintaining contact, between the segments. This distinction is important because it is the
segments that move about the joint (as in the mechanical definition) that is most important, as
that is what ultimately determines the kinematics of the joint. The relative joint angle is not an
independent value, but an indirect result of the segments’ motion. In practice, joint angular
motion is defined as the resultant net angular displacement between two segments (1).
Therefore, joint rotations or joint angle measurements, are in fact the rotation of one segment
relative to a second segment. These joint angles are often reported in biomechanics research,
without consideration of the rotation of all constituent segments. This method of determining
joint angles usually designates the second, often distal, segment as a reference segment. This
determination assumes the distal segment is fixed or non-moving (3). However, in most human
movement, it is plausible that the reference segment moves as well, therefore rotations of both
segments may contribute to joint angle (4). To accurately interpret joint rotations, it is important
to evaluate the rotations of both segments, which may provide a greater understanding of

movement than by investigating joint rotations alone.

This can be observed in a 2D paradigm through a sagittal plane example which
demonstrates the need for segment rotations to be included with joint rotations. A common
exercise used in resistance-based training is the parallel squat, where the thigh segment flexes
about the knee in the sagittal plane until it is parallel with the ground (horizontal). Sometimes

used synonymously to describe a parallel squat is a ninety degree (90°) squat. This refers to the



90° of knee flexion required to accomplish a parallel thigh segment, which can only be possible
if the leg segment is perfectly vertical. If the leg segment is not vertical, then greater than 90° of
knee flexion is required for every degree of forward leg segment inclination (in the sagittal
plane). Figure 1.2 illustrates three different squats where the knee is flexed 90°. Only one of
these is a parallel squat, which can only be achieved if the leg segment does not rotate forward,
otherwise greater than 90° of knee flexion is required, and no longer a 90° squat. Without
knowing the thigh and leg rotations in the sagittal plane, parallel cannot be assumed to be 90° of

knee flexion, nor can a 90° squat be assumed to be a parallel squat.

Figure 1.2 Diagram showing three possible variations of squat kinematics. All examples demonstrate 90
degrees of knee flexion (A, B, C), only A demonstrates a parallel squat.

This kinematic interpretation of the joints and relevant segments is especially important
when considering the kinetics of the movement task. When calculating the net joint moments
acting on a segment, the joint reaction forces are applied to the proximal and distal ends of the
segment being analyzed. In most upright or weight bearing tasks, the vertical joint reaction force

vector often bears the greatest magnitude. Therefore, as a squat is performed, the leg dorsiflexes
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forward (about the talocrural joint) and the moment arm for the vertical joint reaction force
vector will increase. This increase in moment arm length causes the internal joint reaction torque
(about the centre of mass of the leg), to increase; resulting in a greater knee extensor moment.
Figure 1.3 illustrates the importance of correctly interpreting the segment motion for kinetics
discussion. In these two static situations, the only difference is the amount of forward leg
inclination (ten degrees more on the right). This difference results in a greater net joint moment
acting on the proximal end of the leg segment. Forward leg inclination and position of the
superior segments (thighs, upper body) influence the net joint moment at the knee, not knee joint

angle.
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Figure 1.3 Free body diagram depicting the influence of increased forward leg inclination on knee
extensor internal net joint moment. Note the greater moment arm lengths for vertical reaction forces on
the right when the leg is at 35 degrees of inclination.



1.3 Segmental contributions to sagittal plane ankle motion

Anatomically, the primary rotation at the ankle occurs predominantly at the talocrural
joint in the sagittal plane, and is referred to as plantarflexion and dorsiflexion. The secondary
rotation occurs predominantly at the subtalar joint in the frontal plane, and is referred to as
inversion and eversion. The two posterior bones of the foot are often called the rearfoot, and
include the calcaneus and the talus (Figure 1.4). The talocrural joint is a mortise shaped joint
where the talus articulates with the tibia and the fibula of the lower leg (referred to as leg in this
project). The majority of the forces (90-95%) are acting at the talo-tibial portion of the joint,
with the remainder of the forces acting at the talo-fibular portion of the joint (5). Due to the

widening of the superior talar surface, this mortise shaped joint provides a bony stability during

talocrural dorsiflexion and is limited primarily to sagittal plane motion.

Figure 1.4 Image (medial view) of left foot and distal leg bones; talus and calcaneus inferior to leg
segment (tibia and fibula), talocrural joint, and subtalar joint.



In weight bearing tasks, it is assumed that the foot is fixed and non-moving. Therefore,
talocrural dorsiflexion is often measured as rotation of the leg relative to the ground. However,
numerous investigations have found that variations in loading of bone and muscle in the lower
extremity can cause translations and rotations within the foot. Initial research for this project
investigated sagittal plane ankle kinematics to quantify the contribution of the leg and calcaneus
segments to talocrural dorsiflexion in a partial squatting task (4). This author found the
calcaneus segment rotated anteriorly ten degrees (10°) in the sagittal plane (calcaneal
plantarflexion) while the leg segment rotated anteriorly 30 degrees (30°) (leg dorsiflexion) during
the weight bearing squat. The angle for talocrural dorsiflexion was measured at nineteen degrees
(19°) for the task. Neither segment alone can accurately describe the position of the ankle, but
when considered together, the actual kinematics occurring can be interpreted correctly. Multiple
regression modelling found that in fact, anterior leg rotation was a significant positive
contributor, while anterior calcaneus rotation was a significant negative contributor to talocrural

dorsiflexion.

This discovery supports the importance of considering segment rotations instead of joint
rotations alone when interpreting kinematic data. It is not uncommon to find ankle (talocrural)
dorsiflexion angles upwards of 40 degrees (40°) reported in the literature (6). These values occur
when the ankle joint is modeled by the leg (tibia and fibula) as the proximal segment and the foot
(malleoli to metatarsal heads) as the distal segment. However, the issue here is that this
definition of the foot assumes the foot is a rigid structure. Inter-segmental motion between the
tarsals and metatarsals may alter the orientation of the talus and the talocrural joint (7). It is well
documented in the anatomic literature that the talocrural joint, due to its bony morphology, limits

the ankle to approximately 20-25 degrees of dorsiflexion (8). This discrepancy motivated these



authors to study the ankle joint using a non-rigid foot model. While the entire foot segment is
constrained by the floor in weight bearing motion, movement of the bones within the foot may
occur. Therefore, the distal segment of the talocrural joint was modeled using the calcaneus.
This method had been previously used by Stacoff et al. (9) while investigating movement
coupling at the ankle during running. As the calcaneus rotates anteriorly (calcaneal
plantarflexion), its motion re-orients the talar dome, thus allowing the leg segment to dorsiflex
further than if no calcaneal motion occurs. This explains how the joint angle, measured as the

leg relative to the foot or ground, could regularly exceed the anatomic limitation of the joint.

The calcaneal motion is significant enough, at up to 5-15 degrees in the sagittal plane, to
imply that any structure attaching to this bone will be affected by its movement. The largest of
these are the calcaneal tendon directing the tensile force of soleus and gastrocnemius to the
posterior calcaneus (causing anterior rotation) while the plantar aponeurosis’ inferior and
anterior attachment on the calcaneus result in negative (or posterior) rotation of the calcaneus
when tension in the structure increases (10). Increased tensile stress on the plantar aponeurosis
may result in Achilles tendon strain, while repetitive soleus and gastrocnemius contraction may
result in plantar fasciae strain (11, 12). Unless segmental contribution is included alongside joint
rotations, readers are unable to ascertain the actual kinematics occurring. It is ultimately possible
to apply this type of reporting model to all lower body joints and segments in all three cardinal
planes of motion. This inclusive and comprehensive type of reporting model will be a constant
focus of this research. This leads to another major consideration, which is to evaluate the
starting position, or alignment of each segment relative to the next segment prior to analysis.
Anatomic alignment may predispose a segment to rotate in a certain direction and/or may affect

the magnitude of that motion.



1.4 Non-sagittal movement patterns

The same obstacles that appear in 2D modeling are present when interpreting 3D
kinematics. However, the challenges are confounded as there are an increased number of
possible rotations. In 2D, only rotations about a single plane, such as sagittal, are considered. In
3D, rotations about the sagittal, frontal and transverse axes must be considered. Human
movement is multi-planar, as the actions of muscles may cause rotations in multiple planes. For
example, the gluteus maximus extends and externally rotates the thigh segment about the hip as
well as assisting in adducting an already abducted thigh (2). Another example is adductor
longus, which adducts and flexes the thigh segment about the hip and may assist in returning the
thigh to anatomic position after being axially rotated. The multi-planar nature of human
movement is captured through some anatomical terminology, such as pronation and supination.
Pronation and supination are terms describing foot, ankle and possibly leg motion (8). Pronation
results in eversion, dorsiflexion, and abduction of the foot about the ankle joints. Supination is
inversion, plantarflexion, and adduction of the foot about the ankle. Segment motion contributes

proximally and distally to these measures at the ankle joints.

As human movement is multi-planar, it is possible for the same resultant rotation to be
accomplished by different combinations of constituent rotations. This is commonly illustrated
using Codman’s paradox, which refers to a specific pattern of motion of the humerus or upper
arm. In Codman’s paradox, axial or transverse plane rotation occurs about the longitudinal axis
of the upper arm following two or three sequential arm rotations about the shoulder joint that do
not involve rotation about the long axis of the segment (13). To address this paradox, human
motion can be described using a method of quantifying angular positions using independent

angles known as Cardan/Euler angles (14). These angles are measured by an ordered sequence
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of XYZ rotations. For example, if an XYZ Cardan sequence is chosen, the modeled segment
rotates about the X axis by a given angle, then rotates about a rotated Y axis, and then rotates
about a twice rotated Z axis. For any given movement pattern, different Cardan sequences may
influence the angular calculations, and therefore interpretation of these rotations (15). Although
used extensively in the field of biomechanics and the analysis of human motion, the effect of

altering the sequence of rotations has not been fully investigated in this field (16).

For joint rotations, the proximal or distal segment must be chosen to be the moving
segment while the other segment is considered to be fixed. This expands the number of
Cardan/Euler rotations to twelve for a given joint. As the proximal and distal segments of a joint
can rotate independently in all three planes, the selection of which segment is fixed is critical
(17). The greatest challenge in describing joint rotations is when both segments rotate, since it is
difficult to interpret a single measurement value when reporting the data. One solution is to
describe the rotations of both segments forming a joint (4). A further step may be to investigate
the possibility that segment movement is nearly always multi-planar, with sagittal movement and
alignment influencing non-sagittal movement and alignment of each segment involved in the

joint rotation.

1.5 Tibial torsion and knee joint pathology

Tibial torsion is the rotational alignment offset between the proximal and distal ends of
the leg, generated by a transverse plane twisting of the collective tibia and fibula from proximal
to distal. In late fetal development and in infants, the feet may be turned inward and appear to be

“pigeon-toed”, representing internal tibial torsion (18). As part of normal growth and

10



development, tibial torsion changes from internal to external between infanthood and
adolescence (19). In the adult population, the lateral malleolus is almost invariably posterior and
inferior to the medial malleolus when standing with feet facing forward. When referenced to a
line made between the proximal tibial condylar prominences, the angle of the line between the
malleoli represents external tibial torsion (Figure 1.5). The normal range of angles for tibial
torsion in adults is approximately five to thirty degrees, and values exceeding thirty degrees have
been suggested to be excessive (20). These absolute values may vary depending on the
anatomical landmarks and methods used to determine tibial torsion, although relative variance

appears to be consistent across the methods.

Excessive tibial torsion has been linked with abnormal gait mechanics in cerebral palsy (21)
and pain in Osgood-Schlatter disease (22). Excessive external tibial torsion may also influence
dynamic transverse plane leg rotation in non-clinical populations (23). However, there has been
little study of how variation in tibial torsion influences transverse plane leg rotation during
weight bearing activities such as squatting or landing from a jump or a pre-determined height.
Tibial torsion has been linked to greater external foot progression angles, as well as decreased
ability of soleus to extend the knee (20, 24). Our research (Chapter 2) was able to link tibial
torsion to frontal plane ankle, transverse plane leg, and transverse plane thigh rotations. This is
consistent with the joint motions demonstrated by analyzing the cross-planar segmental
contributions. Tibial torsion must be considered as a possible mediator in lower body kinematics

and will be investigated further in this project.
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Figure 1.5 Diagram of measurement of tibial torsion (8) (superior view). Markers/anatomic landmarks:
A (medial malleolus), B (lateral malleolus), C (medial tibial condylar prominence), D (lateral tibial
condylar prominence).

An interesting crossover is that many of the same factors that have been linked to tibial
torsion are also considered when discussing ACL injury. External leg rotation when weight
bearing may cause excessive loading of the medial collateral ligament, medial meniscus, and
ACL (25, 26). External leg rotation may also change the alignment of the tibial tuberosity
(anterior tibia), thereby affecting patellofemoral loading. Furthermore, external leg rotation has
been described as a mechanism of non-contact ACL rupture (27). Increased tibial torsion may
also decrease or alter the functionality of the soleus muscle (20, 24). Because of its proximal and
posterior attachment to the leg, the soleus muscle may act as an ACL protagonist, or play a role

in dynamically stabilizing the knee (28) by decreasing anterior tibial rotation (leg dorsiflexion).
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If the calcaneus is rotated externally due to excessive external tibial torsion, the distal attachment
of the posterior leg muscles would be more medial than without excessive external tibial torsion.
These muscles would include: soleus, tibialis posterior, flexor digitorum, and flexor hallucis
longus (2). This would not only decrease the posteriorly directed force vector of these muscles,
but would likely increase the medially directed force vector, thus contributing to medially
directed frontal plane motion of the leg (leg inversion) (24). Leg inversion, or knee valgus, is
often reported as a prominent ACL risk factor. ACL research from this project (Chapter 3)
supports this speculation, whereby tibial torsion angles were found to be greater in ACL injured

participants over control subjects.

1.6 Summary

Segmental contributions to joint motion may be affected by abnormalities, disorders, injury,
disease, or anatomical variations. These may result in non-sagittal segmental motion occurring
during predominantly sagittal lower body joint rotations. External tibial torsion is a possible
explanation for certain uncharacteristic or non-sagittal segmental contributions to joint motion.
This research has identified similarities between ACL injury risk factors and certain kinematics
that are linked to individuals demonstrating greater external tibial torsion. It is necessary to
consider external tibial torsion values when investigating the mechanics of ACL injured

individuals versus healthy participants; therefore, further research is warranted.
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1.7 Purposes and Hypotheses

Study 1 (Chapter 2): Tibial torsion influences non-sagittal leg kinematics during partial

squatting.

The primary purpose of this investigation was to determine whether tibial torsion influences
non-sagittal plane lower extremity segment and joint rotations, particularly the direction of
frontal and transverse plane leg rotation in physically active men and women. This investigation
sought to evaluate whether an increase in external tibial torsion would influence the magnitude

and direction of leg segment rotation in the frontal and transverse planes.

It was hypothesized that individuals with greater external tibial torsion would demonstrate
an increase in frontal plane leg inversion (knee valgus). It was also hypothesized that an increase
in external tibial torsion would be associated to an increase in transverse plane external leg

rotation (negative rotation determined by the right hand rule).

Study 2 (Chapter 3): An examination of tibial torsion measurement reliability and a
comparison of external tibial torsion angles between women with uninjured and previously

injured anterior cruciate ligaments.

The primary purpose of this study was to examine the intra-rater and inter-rater reliability of
four different methods of measuring external tibial torsion. The secondary purpose of this study
was to compare external tibial torsion angles in physically active women with and without ACL
injury, as well as to compare tibial torsion between the involved and non-involved limbs of the

individuals with ACL injury.

It was hypothesized that there would be no difference between the four methods or the two

observers. It was also hypothesized that external tibial torsion angle would be greater in
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individuals with ACL injury than in uninjured control participants. Further to the secondary
hypothesis, it was hypothesized that external tibial torsion angle would be greater in the involved

limb of individuals with ACL injury when compared to the non-involved limb.

Study 3 (Chapter 4): Tibial torsion influences non-sagittal lower body joint kinematics

and Kinetics in women with ACL injury during squatting and landing tasks.

The purpose of this study was to determine whether lower extremity mechanics differed
between women with healthy and damaged ACLs in a pattern consistent with the functional

consequences of varying degrees of external tibial torsion.

Three main hypotheses were considered for study participants with greater external tibial
torsion. Each of these also proposed a similar corollary hypothesis for ACL injured participants.
It was hypothesized that participants with greater external tibial torsion (high torsion control
participants) would demonstrate: 1) increased external leg rotation (or decreased internal leg
rotation) during squat tasks, and greater foot progression angles at ground contact during landing
tasks; 2) decreased internal ankle plantarflexor net joint moments during all tasks; and 3)
increased net joint moments acting to invert the leg segment and increased leg segment
abduction angles. The corollary hypotheses for participants with ACL injury were identical to
the three supposed for participants with greater external tibial torsion when compared to

participants with lesser external tibial torsion (low torsion control participants).
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1.8 Significance

Evaluating sagittal and non-sagittal segmental contributions to joint motion along with tibial
torsion may shed light on unresolved issues. Excess tibial torsion may result in a reduction of
the internal plantarflexor net joint moments in the sagittal plane, which may affect the capacity
of the associated muscles to perform movement. If there is a cross-planar contribution to joint
motion, instead of only in the sagittal plane, then it is possible that frontal or transverse plane
segmental and joint motion occurs as a result of altered musculoskeletal alignment.

Furthermore, it is possible that excess tibial torsion alters the dynamic interaction between the
muscles involved and the skeletal system during tasks such as squatting or landing from a height.
The multi-articular nature of the human body means that tibial torsion, a transverse plane
misalignment of the lower leg, is a possible contributor to altering movement in other planes as

well as more proximal joints, like the knee and hip.

If there is evidence to support the congruence between the kinematics associated with
increased tibial torsion and those known to be contributors to ACL injury, then it may provide a
previously unidentified link to non-contact ACL rupture. The studies in this thesis will
investigate tibial torsion as a potential mediator of transverse plane leg rotation and cross-planar
segmental contributions during a partial squat, evaluate inter-rater consistency of tibial torsion
measurements and compare tibial torsion angles between women with and without ACL injury,
and investigate the influence of tibial torsion and muscular effort on cross-planar segmental
contributions to lower body joint motion in women with and without ACL injury during

squatting and landing tasks.
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1.9 Delimitations

Participants between the ages of 18 and 35 years in good health without any medical
conditions that may confound the movement patterns in the lower body were recruited in all
three studies. Study 1 involved men and women without history of lower body surgery or
current serious musculoskeletal injury to the feet, ankles, knees, or hips. Study 2 involved only
women and included athletic individuals with surgically repaired ACLs. Study 3 also involved
only women and included minimum six month post-operative athletic individuals with unilateral
ACL rupture repaired by hamstring graft only. In all three experiments, practice and collection
trials were consistent, as well as investigator dialogue used for prompting activity by the
participants. Consistency was maintained, with respect to both the investigator(s) conducting the
data collection and with the equipment and protocols used in order to maximize validity and

reliability.

1.10 Limitations

Inherent limitations within the studies include the absence of controlling height and weight
of active participants, and physical activity controls for the participants prior to meeting with the
investigator for data collection. Furthermore, particularly for maximal effort or range of motion
tasks, it was difficult to ascertain whether physical or psychological factors may have affected
the participants’ performances. Another limitation for the ACL injured participants was the lack
of restriction on individual pre- and post-operative training or rehabilitation that may have

affected the observed results.
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CHAPTER 2

Tibial torsion influences non-sagittal leg segment kinematics during partial squatting

2.1 Introduction

Limb segments exhibit structural variations which may alter muscle forces and this presents
a challenge in evaluating segment and joint rotations. In the leg segment, one structural variation is
external tibial torsion (1-3). External tibial torsion is the rotational alignment offset between the
proximal and distal ends of the leg in the transverse plane (4), generated by a predominantly distal
twisting of the collective tibia and fibula. The potential for coronal plane irregularities (knee varus
and valgus) to influence leg and knee pathology is well recognized, whereas rotational deformities,
like tibial torsion, are often disregarded or unreported (5). Extreme tibial torsion, whether internal
or external, may be associated with serious hindrances to normal movement patterns (6). Although
tibial torsion is most often evaluated in orthopedic settings, it may also affect the movements of
otherwise healthy individuals. Variations in tibial torsion are believed to influence the magnitude

and direction of the frontal and transverse plane rotations of the leg segment (7).

The amount of tibial torsion may affect the force vector for the posterior leg muscles,
namely: soleus, tibialis posterior, flexor digitorum longus, and flexor hallucis longus. Each of these
muscles originates with an attachment on the posterior leg. In a limb with no tibial torsion, the
force vector from these muscles is predominantly directed inferior and posterior (8). With
increasing external tibial torsion, this force vector would likely change (8). This altered direction of
the force vector is due to the lateral twisting of the leg and concomitant change in the position of
the malleoli and the calcaneus (due to the morphology of the leg and tarsal bones). It is plausible

that external tibial torsion could decrease the posteriorly directed force while increasing the
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medially directed force vector (Figure 2.1). As a consequence, leg rotations may be affected.
Specifically, a reduction in the posterior force would decrease the plantar flexor moment applied to
the leg segment. In addition to a reduction in the posterior force, external tibial torsion may reduce

the muscles” moment arms (8), further reducing the plantar flexor moment.

F

resultar posterior

Fresultant soleus

v

medial

Figure 2.1 From a superior view of the tibia, the diagram shows the mainly posterior force vector of soleus
when a lesser degree of tibial torsion is present (A), and the decreased posterior force vector accompanied by
a medial force vector when a greater degree of tibial torsion is present (B).

While the posterior directed force is reduced with increased external tibial torsion, the
medial directed force increases (8). In the frontal plane, an increase in the medial force acting
proximally would cause an ankle inversion moment (Figure 2.2), potentially increasing leg

abduction and knee valgus.
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Figure 2.2 From a posterior view of the right leg, the diagram shows the inferior directed force vector of the
posterior leg muscles when a lesser degree of tibial torsion is present (A) creating no torque, and the inferior
directed force vector accompanied by a medial directed force vector when a greater degree of tibial torsion is
present (B) creating a knee abductor moment.

A medial directed force vector could also generate a moment in the transverse plane (27). A
superior view of the leg segment (Figure 2.3) illustrates that a medial directed force from these
muscles has a lateral rotator moment arm. Taken together, greater external tibial torsion may
increase leg abduction and lateral rotation. An association between external tibial torsion and the
previously described kinematics has been established in clinical populations (5, 9-11), however,

this has not been studied in healthy adults.
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Figure 2.3 From a superior view of the right leg segment, the diagram shows the posterior directed force
vector of the posterior leg muscles with a lesser degree of external tibial torsion (A) creating no torque, and
the increase in a more medial directed vector when a greater degree of external tibial torsion is present (B)
creating a leg lateral rotation moment.

The primary purpose of this research was to examine the association between tibial torsion
and non-sagittal plane lower extremity segment and joint rotations during a weight bearing squat.
Two primary hypotheses were proposed for this investigation. The first hypothesis was that greater
external tibial torsion would be related to increased leg abduction and knee valgus. The second

hypothesis was that greater external tibial torsion would be related to increased leg lateral rotation.

2.2 Methods and Measurement

2.2.1 Participants
A non-probability consecutive convenience sample of men (n=14) and women (n=16)
participants was recruited from the university population using recruitment flyers on notice boards

and electronic mailing lists to Faculty and students in and around the Faculty of Physical Education
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and Recreation buildings at the University of Alberta. All participants provided written informed
consent as approved by a Research Ethics Board at the authors’ institution (Ethics ID:
Pro00028411). Participants were excluded if they had a self-reported history of lower body
segment or joint problems that required medical treatment. Participants were also excluded if they
had reconstructive surgical intervention in the lower body. Participants were not excluded if they
had pes planus, pes cavus or dynamic flexible flatfoot. Men were 29.4+7.9 years old, 1.784+0.06 m
tall, and 77.949.2 kg body mass. Women were 25.1£6.0 years old, 1.68+0.07 m tall, and 63.5+6.7

kg body mass.

2.2.2 Experimental Protocol

Participants performed a partial squat task, where they were instructed to reach maximum
dorsiflexion without allowing their trunk to flex forward (Figure 2.4; (12)). Participants practiced
the task until they were comfortable with the procedures before data collection. The partial squat
was selected for this investigation as it allowed foot placement and foot rotational alignment to be
controlled. The feet were aligned such that an imaginary line through the center of the heel and the
second ray pointed forward. Foot width was standardized by placing the feet such that this
imaginary line was equal to the measured inter-distance width of the femoral greater trochanters.
For each trial, participants stood motionless for a minimum of two seconds (baseline position) prior
to commencing the squatting task, then squatted to their maximum dorsiflexion position and held
this position for three to four seconds (squat position). Three consecutive trials were recorded for
motion analysis. Retro-reflective markers (9 mm diameter) were placed on the participant’s lower
body (Figure 2.4) and recorded at 120 Hz using an eight-camera optoelectronic motion capture

system (Qualisys ProReflex MCU240; Qualisys, Sweden).
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2.2.3 Motion Analysis

A six-degree-of-freedom marker set was used, involving calibration markers to identify the
proximal and distal ends of segments during a standing calibration trial and tracking markers for the
dynamic squat task (Figure 2.4). Data processing was performed with Visual 3D (version 4.82.0.

C-Motion, Inc., Germantown, MD, USA).

Figure 2.4 Diagram showing retro-reflective marker placement, partial squat task and positive directions for
translations, with positive directions for rotations following the right hand rule.

The leg was modeled two ways: 1) proximal-biased and 2) distal-biased. The proximal-
biased leg was modeled proximally using the medial and lateral tibial condyle markers, and distally
as the midpoint between the medial and lateral malleoli. The use of a virtual marker at the distal
leg segment mid-point was required for analysis to remove the influence of tibial torsion on the leg
segment coordinate system. The distal-biased leg was modeled proximally using the mid-point
between the tibial condyle markers and distally using the medial and lateral malleoli markers. The
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longitudinal axes (Z) of the segments ran from the proximal to distal ends of the segment. The
transverse (X) and sagittal (Y) axes were orthogonal to each other and to the longitudinal axis. The
local coordinate system for each segment was located at the proximal end of the segment. The
angle about the Z-axis between the proximal- and distal-biased legs was used to calculate the
measure of tibial torsion (Figure 2.5). Only the proximal-biased leg was used for kinematic
analysis of the squat task. A cluster of four markers on a molded thermoplastic plate, mounted on

an elastic fabric wrap, was used to track the leg segment during squatting.

Proximally biased Distally biased

Figure 2.5 Proximally and distally biased leg segments (anterior view of right leg) used to calculate tibial
torsion angle; LTC = lateral tibial condyle, MTC = medial tibial condyle, LM = lateral malleolus, MM =
medial malleolus.
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The thigh segment was modeled proximally using the femoral greater trochanter markers.
The proximal parameters of the thigh were considered to be one quarter the distance from the
ipsilateral to the contralateral marker. The distal parameters of the thigh were modeled as the mid-
point between markers on the medial and lateral tibial condylar prominences. A cluster of four

markers fixed to a molded thermoplastic plate was used to track the thigh during the squat task.

Segment rotations were determined using a ZY X Cardan sequence relative to the laboratory
reference frame to calculate mechanical rotations consistent with anatomically defined sagittal (X),
frontal (Y) and transverse (Z) planes (13). Joint rotations were determined using an XYZ Cardan
sequence with the distal segment as the reference segment. All coordinate systems conformed to
the right hand rule (Figure 2.4). For left limb data the signs for rotations about the Y and Z axes
were reversed to conform to positive and negative continuum of the right limbs. Rotations of
segments and joints were determined by the mean value in the squat position compared to the mean
value in the standing (baseline) position. Positive segment rotations are plantarflexion/extension
(X), eversion/adduction (Y) and medial rotation (Z) [leg]. Positive joint rotations are plantarflexion
(X), eversion (Y) and lateral rotation (Z) [ankle]; and flexion (X), abduction (Y) and lateral rotation

(Z) [knee].

The angle of the leg and thigh segments, and knee joint were determined prior to initiating
the squat and at peak dorsiflexion. Segment and joint angular excursions were calculated as the
angle at the bottom of the squat minus the angle prior to squatting. Three trials were recorded and

data were averaged between trials, as well as between left and right limbs for analysis.
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2.2.4 Statistical Analyses

To determine the association between external tibial torsion with segment and joint
rotations, Pearson product moment correlations were used. Beta coefficients (slope of regression
lines) were also analyzed as a measure of the influence of external tibial torsion on segment and
joint rotations. Statistical calculations were performed in SPSS (version 11.0; SPSS Inc. Chicago,

IL), and alpha was set a priori (0=0.05).

2.3 Results

External tibial torsion was significantly correlated with transverse plane leg (r=-0.678;
?=0.459; b=-0.477; p<0.001; Figure 2.6), knee (r=0.512; ?=0.262; b=0.301; p=0.004; Figure 2.7),
and thigh (r=-0.398; 1’=0.158; b=-0.156; p=0.03; Figure 2.8) rotations. External tibial torsion was
also significantly correlated with frontal plane thigh (r=0.485; r’=0.235; 5#=0.193; p=0.007; Figure

2.9), but not frontal plane leg or knee rotations.
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Figure 2.6 Transverse plane leg rotation measured in degrees (+ internal / - external) as a function of external
tibial torsion (degrees); r=-0.678; ’=0.459; b=-0.477; p<0.001.
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Figure 2.7 Transverse plane knee rotation measured in degrees (+ internal / - external) as a function of
external tibial torsion (degrees); r=0.512; ’=0.262; »=0.301; p=0.004.
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Figure 2.8 Transverse plane thigh rotation measured in degrees (+ internal / - external) as a function of
external tibial torsion (degrees); r=-0.398; ’=0.158; b=-0.156; p=0.03.

Frontal plane thigh rotation ( + adduction / - abduction)
o

5 L

+*
+*
’ *
*
*
‘ +*
| *
| | g 15 T — ZLS
s m
¢ e :
........ *-- SIS
‘ ------------------------- ‘* ‘
,,,,, | ’
. *
*
. +*
+

External tibial torsion (degrees)

Figure 2.9 Frontal plane thigh rotation measured in degrees ( + adduction / - abduction) as a function of
external tibial torsion (degrees); r=0.485; ’=0.235; »=0.193; p=0.007.
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2.4 Discussion

The most important finding of this investigation is that the magnitude of external tibial
torsion was associated with transverse plane leg angular excursion. As external tibial torsion
increases, there is a strong negative correlation (r=-0.678) to leg rotation (if medial rotation is
positive and lateral rotation is negative). Individuals with greater external tibial torsion had either
lesser medial or greater lateral rotation of the leg when squatting, and 46% of the variance in leg
rotation could be explained by external tibial torsion angle. This finding supported our second
hypothesis that proposed a relation between increasing external tibial torsion and transverse plane
leg rotation, which may be explained by a shift from a posterior- to medial-directed force vector for
the posterior leg muscles (soleus, tibialis posterior, flexor digitorum, and flexor hallucis longus).
Slope analysis revealed that for every degree increase in external tibial torsion, lateral leg rotation
increased by 0.48 degrees, which is of strong practical significance. This data suggests the
magnitude of tibial torsion influences transverse plane leg segment rotation. This is supported by
research by Stefko et al. (14), who found tibial de-rotation surgery (decreasing external tibial
torsion angles) in children with cerebral palsy altered the direction of leg rotation during gait. Prior
to surgery, a large external tibial torsion angle was exhibited and associated with leg lateral
rotation. Following surgery, external tibial torsion was reduced and the leg medially rotated. These
results provide evidence that tibial torsion may influence non-sagittal joint rotations in healthy
individuals performing low intensity movement tasks. This is the first investigation to associate
tibial torsion with differences in lower limb kinematics for healthy, uninjured adult participants.
Previous studies have demonstrated the association between tibial torsion and patellofemoral

instability (5, 15, 16), overuse injuries (17), and anterior knee pain (18, 19).
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Thus, greater external tibial torsion appears to influence transverse plane leg in non-clinical
populations. This effect of external tibial torsion to alter lower extremity kinematics may lead to
movement dysfunction and injury. Excessive tibial torsion has been associated with abnormal gait
mechanics in cerebral palsy (20), pain in Osgood-Schlatter disease (21) and development of tibio-
femoral osteoarthritis (22). Findings of this investigation identify important implications for
sagittal and non-sagittal plane movement. Numerous injuries are associated with mal-rotations of
the frontal and transverse plane leg and knee. These include posterior tibial tendon dysfunction
(23); and meniscal tear, anterior cruciate ligament rupture, patellofemoral pain syndrome (24) and
Osgood-Schlatter disease (21). Further research is warranted to determine if tibial torsion
contributes to these injuries and identifying the specific mechanisms of this contribution. The
current results, and previous studies, suggest that tibial torsion be considered as a structural factor

that may predispose individuals to lower extremity musculoskeletal injury.

There was little evidence to support the primary hypothesis of the study, which suggested
that external tibial torsion would be associated with frontal plane leg and concomitant knee
excursions. Although frontal plane leg and knee angular excursions were not related to tibial
torsion, frontal plane thigh rotation was found to be related to increased external tibial torsion.
Increased magnitudes of external tibial torsion were associated to increased frontal plane thigh
adduction. Since proximal and distal segments contribute to joint motion, thigh adduction could
potentially influence knee abduction angle, or knee valgus. A relation between external tibial
torsion and knee abduction was hypothesized, but as a result of leg abduction rather than thigh
adduction. Thus, the relation between external tibial torsion and thigh adduction was not expected

and the mechanisms underlying this relation are not known.
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Leg abduction, thigh adduction, or simultaneous occurrence of both, are principle variables
contributing to dynamic knee valgus in studies of knee injury, including anterior cruciate ligament
rupture (25). There are two challenges in understanding dynamic knee valgus. First, the specific
segment rotations contributing to dynamic knee valgus are not known. Second, both proximal (i.e.
thigh and hip) and distal (i.e. foot and ankle) influences are potential causes of dynamic knee
valgus. For example, ankle eversion may be associated with leg abduction and thigh adduction
(26). Alternately, hip adduction and thigh internal rotation have been implicated in dynamic knee
valgus (27). Although this investigation did not provide evidence to support our first hypothesis,
the intensity of the task may be limiting factor. The weight-bearing partial squat may not have been
dynamic enough of a task to illicit observable differences in frontal plane motion. Future studies
should consider landing from a jump or an elevated platform to further investigate the possible

relationship between tibial torsion and non-sagittal plane mechanics.

2.5 Summary

Transverse plane leg and knee rotations during weight-bearing activity were correlated to
tibial torsion. These kinematic variations were predicted from free body diagram analyses of the
expected changes in soleus and deep posterior leg muscle force vectors as a consequence of
increasing external tibial torsion. This finding supports research associating tibial torsion with
injury, and highlights that leg segment morphology may influence both ankle and knee joint
function. While this anatomical variation has previously been considered in clinical populations,

external tibial torsion appears to influence lower extremity kinematics in healthy individuals.
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Therefore, further study of external tibial torsion is warranted to understand its role in non-clinical

human movement and injury.
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CHAPTER 3
An examination of tibial torsion measurement reliability and a comparison of external tibial torsion

angles between women with uninjured and previously injured ACL

3.1 Introduction

Anterior cruciate ligament (ACL) injuries are prevalent in athletic individuals, with greater
incidence in young women than men (1, 2). Previous research of the etiology of ACL injury
suggests anatomical (i.e. structural) and neuromuscular (i.e. functional) factors may influence the
risk for injury. There are two prevalent theories proposed as mechanisms for ACL injury: 1)
anterior tibial translation (3) and 2) dynamic knee valgus (4). The tibial translation mechanism
suggests an imbalance between ACL protagonists, muscles which cause posterior translation of the
leg relative to the thigh; and ACL antagonists, muscles that cause anterior translation of the leg
relative to the thigh (5). Although the hamstrings are considered the primary ACL protagonist, the
soleus may also fulfill this function as both generate posterior directed forces on the leg segment
(6). Dynamic knee valgus is described as multi-planar rotations which cause a medially directed
collapse of the knee (4). Both anterior tibial translation and dynamic knee valgus are often reported
to strain the ACL. Although anterior tibial translation and dynamic knee valgus are often described
as competing mechanisms of ACL injury, a combined mechanism, in which both excessive anterior
tibial translation and multi-planar rotations are present is possible and could be expected to place

the greatest strain on the ACL.

Structural and functional factors at the hip and ankle may influence risk of ACL injury,
under the concept that motion at joints proximal and/or distal to the knee will affect knee mechanics

(7). One structural factor that may influence knee function is tibial torsion (8). Tibial torsion is the
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transverse plane rotational offset between the proximal and distal ends of the leg segment (Figure
1.5). Our recent research (Chapter 2) found an association between the direction of transverse
plane leg rotation and increasing magnitude of external tibial torsion. Individuals with greater
external tibial torsion had leg segments that rotated laterally — rather than medially — during a
weight bearing partial squat. Similarly, Stetko et al. (9) reported that the direction of leg rotation
changed from lateral to medial following tibial de-rotation surgery aimed at reducing the magnitude
of external tibial torsion. A laterally rotated leg is consistently reported in analyses of ACL injuries
(10, 11). Lateral rather than medial leg rotation may be the result of a shift in the soleus’ force

vector — from posterior to medial directed.

Musculoskeletal modelling (12, 13) has found that increasing external tibial torsion alters
the soleus’ function during weight bearing activity. While weight bearing, the soleus is an ankle
plantar flexor, which indirectly extends the knee (14). However, the soleus’ force vector changes
direction with increasing external tibial torsion, diminishing its ability to plantar flex the ankle and
extend the knee (12). Schwartz and Lakin (13) describe the soleus, in a leg with a high degree of
tibial torsion, as losing its ability to generate a rearward thrust of the leg, a role complementary to
acting as an ACL protagonist. Although not previously described, the decreased posterior directed
force with greater external tibial torsion should be accompanied by an increase in the medial
directed force acting on the leg. An increased medial directed force would pull the proximal aspect
of the leg medially resulting in leg abduction. When the leg is abducted, external knee abduction
moment increases (15), which is observed in individuals with excessive external tibial torsion (16).
As a result, greater external tibial torsion appears to increase valgus stress at the knee — the second

mechanism of ACL injury.
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Taken together, greater external tibial torsion may result in: 1) reduced anterior tibial
translation restraint, 2) increased lateral leg rotation and 3) increased external knee abduction
moment. Each of these phenomena alone is associated with ACL injury, which suggests all three
combined may place high tensile and torsional stresses on the ACL (4, 17, 18). As such, these
functional consequences of greater external tibial torsion suggest that this anatomic variation may
predispose an individual to ACL injury. The primary objective of this research was to examine
tibial torsion in individuals with and without ACL injury, as well as to compare tibial torsion
between the involved (injured) and non-involved (healthy) limbs of individuals with ACL injury. It
was hypothesized that external tibial torsion angle would be greater in individuals with ACL injury
than those without. Further, it was hypothesized that external tibial torsion angle would be greater

in the involved limb of individuals with ACL injury compared to the non-involved limb.

The secondary objective of this research was to evaluate the reliability and validity of
methods to measure tibial torsion. Although motion analysis was previously used (Chapter 2) to
determine tibial torsion, a clinical method is desirable because motion analysis is not always
available or required. Clinical tests for tibial torsion can have multiple uses, including: patient
management, screening, surveillance, or epidemiological studies. Tibial torsion is commonly
evaluated by the orthopedist, pediatrician, or physical therapist (19-21). Measurement techniques
vary from the use of a standard goniometer (22, 23), calipers (20, 24), computed tomography (CT)
(25, 26), and magnetic resonance imaging (MRI) (27, 28). Since specialized equipment is seldom
available or desired in a standard clinical setting, the need to establish the reliability of simple
clinical methods and validity against direct measures such as motion analysis was needed prior to

proceeding with this investigation. Therefore, this chapter describes: [1] an assessment of the
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reliability and validity of three methods of measuring tibial torsion, and [2] a comparison of tibial

torsion in individuals with and without ACL injury.

3.2 Methods and Measurement

3.2.1 Participants

[1] To assess the reliability and validity of tibial torsion measurements, a non-probability
consecutive convenience sample of men (n=10) and women (n=5) was recruited from the university
population using recruitment flyers on notice boards and electronic mailing lists to Faculty and
students in and around the Faculty of Physical Education and Recreation buildings at the University
of Alberta. All participants provided written informed consent as approved by a Research Ethics
Board at the author’s institution (ID: Pro00046837). Participants were healthy adults aged 18-40
years without injury. Men were 23.8+5.2 years old, 1.80+0.07 m tall, and 86.1£17.6 kg body

mass. Women were 21.2+0.75 years old, 1.64+0.05 m tall, and 60.9+4.6 kg body mass.

[2] To compare tibial torsion in individuals with (n=15) and without (n=15) ACL injury, a
non-probability consecutive convenience sample of women (n=30) was recruited from the
university population using recruitment flyers on notice boards and electronic mailing lists to
Faculty and students in and around the Faculty of Physical Education and Recreation buildings at
the University of Alberta. Non-injured participants were excluded if they had a self-reported
history of serious foot or ankle problems that required medical treatment or surgical intervention.
Injured participants fulfilled our inclusion criteria if they had a noncontact or minimal contact
mechanism of injury, but were excluded if they had a (full) contact ACL tear (29). All participants

provided written informed consent as approved by a Research Ethics Board (ID: Pro00028419).
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Participants with ACL injury were 24.6+7.3 years old, 1.68+0.08 m tall, and 67.6+11.6 kg body
mass. Control participants without ACL injury were 25.9+5.9 years old, 1.69+0.07 m tall, and

63.7+6.0 kg body mass.

3.2.2 Experimental Protocol

[1] Three methods of measuring tibial torsion were compared to our previously developed
motion analysis method. These methods were: thigh foot angle (through the second ray of the foot)
using a standard goniometer (TFA2), thigh foot angle (through a line perpendicular to the
transmalleolar axis) using a standard goniometer (TFAM), and tibial torsion measured with a
custom designed fixed inclinometer clamp system (INC). Two observers collected measurements
of all methods from participants during separate visits. To better ensure inter-rater reliability,
participants were tested by each of the two observers without knowledge of the other observer’s
results. Inter-method and inter-rater reliability was determined using intra-class correlation
coefficients. Limits of agreement (Bland-Altman) were also calculated for inter-method

comparisons.

The thigh-foot angle (Figure 3.1) using the second ray of the foot (TFA2) was determined
with a goniometer as the angle between the axis of the foot through the second metatarsal (with the
foot held in subtalar neutral) and the long axis of the thigh when the knee is flexed 90 degrees (26-
28). A key limitation of this measure is that it represents a composite measure of: tibial torsion,
structural alignment of the foot distal to the talocrural joint, and alignment between the leg and
thigh segments. Thus, irregularities proximal or distal to the leg segment may affect the accuracy

of measuring tibial torsion. The participant was placed prone with the hip in neutral position, and
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the active knee flexed to 90 degrees. A goniometer was aligned to the bisection of the long axis of

the femur and a line that bisected the calcaneus and the ray of the second metatarsal (Figure 3.1).

Figure 3.1 Diagram showing the TFA2 (thigh foot angle through second metatarsal) and the TFAM (thigh
foot angle through a line perpendicular to the trans-malleolar axis) methods of determining tibial torsion (O)
in study participants.

The thigh-foot angle using the trans-malleolar axis (TFAM) was determined with a
goniometer as the angle between the axis of the foot through a line perpendicular to the trans-
malleolar axis (with the foot held in subtalar neutral) and the long axis of the thigh when the knee is
flexed 90 degrees (Figure 3.2). This method reduces the possibility of error associated with

malalignments in the foot. It also removes any assumption that the second metatarsal head is
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associated to the alignment of the trans-malleolar axis. However, tibio-femoral alignment may still

influence the accuracy of measuring tibial torsion.

Figure 3.2 Diagram showing the INC (inclinometer) method of determining tibial torsion.

To determine tibial torsion using the inclinometer (INC) method, participants were seated
with the hip flexed to 90 degrees and the knee extended, with padding if necessary, to ensure the
leg segment was parallel to the horizontal. Markings were made on the lateral and medial tibial
condylar prominences, and the lateral and medial malleoli. The leg was then secured to the bench
with strapping to minimize any translation or rotation of the leg segment, while measurements were
taken with the foot in anatomic neutral (sole of the foot 90 degrees relative to the leg). A digital
angle gauge (Wixey; Sanibel, FL) was fixed to a large bar clamp (Haussmann; Boucherville,
Canada) (Figure 3.2). By aligning the clamp centers with the proximal and distal landmarks, the
angle of these landmarks relative to horizontal was calculated. The clamp was secured in position

by the examiner throughout the procedure, and was not released while the measures were taken.
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The difference in inclinometer measures represented the transverse plane rotation between the

proximal and distal ends of the leg segment, or external tibial torsion.

The three previous methods were compared to a 3D motion analysis method. Previously
reported in Chapter 2 (Figure 2.4), this method involves markers placed on the lateral tibial
condylar prominence, the medial tibial condylar prominence, the lateral malleolus, and the medial
malleolus. A proximally biased leg segment is created along with a distally biased leg segment
(Figure 2.5). A comparison of these two leg segments in the transverse plane about the longitudinal

(Z) axis is the external tibial torsion angle.

[2] Tibial torsion was measured in the ACL injured and non-injured female participants for
left and right limbs using the inclinometer method previously described. Three measurements were

taken on each limb and the average was used for analysis.

3.2.3 Statistical Analyses

[1] Inter-method and inter-rater comparisons between the methods of measurement were
made using an intra-class correlation (ICC) analysis for all comparisons. A Bland-Altman analysis
was used to assess the level of agreement between the methods to compare the new techniques to
the established reference standard of motion analysis. Alpha was set a priori (a=0.05) and all

statistical calculations were conducted using SPSS (version 11.0; SPSS Inc. Chicago, IL).

[2] For healthy controls, tibial torsion was averaged between limbs. For ACL injured
participants, 14 had an ACL injury on one limb, and one had ACL injuries in both limbs. Within
this group, limbs were categorized as involved and non-involved. Data for the participant with
ACL injury in both limbs was averaged. Tibial torsion was compared between the ACL injured

group’s involved limb and the healthy control group’s averaged data using unpaired t-tests. For the
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14 participants with injury on one limb only, tibial torsion was compared between involved and
non-involved limbs using paired t-tests. To determine the magnitude of differences, Cohen’s d
effect size (ES) was calculated. Alpha was set a priori (a=0.05) and all statistical calculations were

conducted using SPSS (version 11.0; SPSS Inc. Chicago, IL).

3.3 Results

[1] A high degree of inter-method reliability was found between visits. The inter-method
reliability of the left limb average measures ICC was .954 with a 95% confidence interval from
909 to .976 and p<.001. The inter-method reliability of the right limb average measures ICC was
.962 with a 95% confidence interval from .930 to .980 and p<.001. A high degree of inter-rater
reliability was also found between testers. The inter-rater reliability of the left limb average
measures [CC was .963 with a 95% confidence interval from .937 to .977 and p<.001. The inter-
rater reliability of the right limb average measures ICC was .968 with a 95% confidence interval

from .938 to .982 and p<.001.

The Bland-Altman analysis indicated that the 95% limits of agreement: between the MAN and
TFA2 methods ranged from -8.2 to 22.2 degrees (bias=7.6); between the MAN and TFAM methods
ranged from -11.8 to 5.8 degrees (bias=4.5); and between MAN and INC methods ranged from -9.3

to 3.4 degrees (bias=3.1).

[2] When comparing the involved limb of the ACL injured to the healthy controls,
significant differences were observed between groups for tibial torsion (p<0.0001; ES=1.75 SD).
ACL injured persons had a tibial torsion angle of 19+4 degrees versus 12+4 degrees in the healthy

controls. Tibial torsion angle in participants with ACL injury on one limb only was 20+4 degrees
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in the involved limb and 18+4 in the non-involved limb, a difference which approached
significance (p=0.08; ES=0.5 SD). The participant who had bilateral ACL injuries had external

tibial torsion angles of 22 (left) and 26 (right) degrees.

3.4 Discussion

[1] This investigation found the inclinometer method of determining tibial torsion to be the
most strongly related to a motion analysis method. High inter-method reliability between visits,
and high inter-rater reliability between testers was also demonstrated during the investigation. The
average discrepancy (bias) between the two methods (MAN / INC) was 3.1 degrees, which is
considerably small when defining kinematic measures. The main concern is that the limits of
agreement are 12.7 degrees wide, which suggests some ambiguity between the measures, and
presents a notable limitation to the inclinometer method as a substitute for motion analysis. While
this method does not use equipment (bar clamp and digital angle gauge) commonly found in
clinical settings, this equipment is low cost and readily available. There are two other major
benefits for using this method that helped to justify its inclusion in the project. Firstly, it is an
advantage that the measurement is taken directly on the leg segment. Instead of an indirect estimate
of leg anthropometrics based on thigh and foot structure, the inclinometer method is able to identify
specific landmarks on the proximal and distal leg segment for analysis. Second, the landmarks for
the inclinometer method are the identical landmarks used to define the proximal and distal leg
parameters in the motion analysis method. This similarity in structural landmarks further supports
the use of the inclinometer method, if motion analysis is considered as the reference ‘gold’

standard.
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[2] The primary objective of this investigation was to compare tibial torsion in individuals
with and without ACL injury. As hypothesized, external tibial torsion was greater in ACL injured
individuals than healthy controls; this difference had a very large effect size (1.75). Effect size
expresses the mean difference between two groups in standard deviation units. The meaning of
effect size varies by context, but the standard interpretation offered by Cohen (1988) is: 0.2 = small
(1/5 of a standard deviation), 0.5 = moderate (1/2 of a standard deviation), and 0.8 = large (4/5 of a
standard deviation unit). Based on these criteria, the effect size value of 1.75 suggests a high to
very high practical significance. A significant difference was not found for tibial torsion in the
affected versus unaffected limb in individuals who had unilateral ACL injury. While the effect size
was moderate (0.5), it is unclear whether such a difference, although statistically significant, would
be practically meaningful. Nonetheless, these data support our theory that greater external tibial
torsion may be a risk factor for ACL injury. Excessive external tibial torsion has also been
associated with other knee pathologies, including Osgood-Schlatter’s (30), patellofemoral pain
syndrome and tibio-femoral osteoarthritis (31). Although there is no study of tibial torsion specific
to knee mechanics in ACL injury, the functional mechanical consequences of greater external tibial
torsion provide insight into why this anatomical variable may increase risk of ACL injury. Greater
magnitudes of external tibial torsion may: 1) influence the direction of leg rotation, 2) alter the

soleus force vector and 3) increase valgus stress at the knee.

Our previous research found that the magnitude of tibial torsion correlates with whether the
leg segment internally or externally rotates (Chapter 2). Individuals with greater external tibial
torsion (>14 degrees) externally rotated their leg during a squat task compared to those with less
external tibial torsion (<14 degrees) whose legs internally rotated. A similar correlation between

tibial torsion and transverse plane knee rotation during gait was reported by Radler et al. (32).

47



Although leg external rotation does not appear to strain the ACL to the same extent as leg internal
rotation (33, 34), external rotation has been described as a mechanism of non-contact ACL rupture
(11). Moreover, video analyses of ACL injuries typically describe the leg as being externally
rotated (35). The risk of ACL injury from external leg rotation may be due to impingement of the
ACL on the intercondylar prominence. Although external leg rotation does not appear to load the
ACL as much as internal rotation (33, 34), ACL impingement becomes a greater risk with a leg that
is externally rotated and abducted such as during landing or a plant and cut maneuver (35).

Cadaver studies have demonstrated that the lateral notch wall (36) and the notch roof (37) are
possible areas of impingement, particularly during external rotation of the leg or internal rotation of

the thigh, due to the attachment sites of the proximal ACL bundle.

Excessive external tibial torsion has also been demonstrated using musculoskeletal
modeling to reduce the ability of the soleus to extend the knee during gait (12). The soleus muscle
stabilizes the knee, when tibial torsion angle is small, by exerting more posterior-directed force on
the proximal leg which limits excessive anterior tibial translation. A model by Schwartz (13)
suggests that extreme external tibial torsion decreases the ability of the soleus to extend the knee.
Although not described, the loss in posterior-directed force from the soleus should be accompanied
by an increase in medial-directed force. Therefore, in addition to reducing the ability for soleus to
plantar flex the ankle and extend the knee, greater external tibial torsion would be hypothesized to
increase the medial-directed force acting on the proximal leg, which would contribute to abduction

of the knee.

External tibial torsion has been linked to increased external valgus knee moments (38). The
lateral malleolus is positioned more posterior and inferior relative to the medial malleolus in most

individuals. This difference is more pronounced when greater external tibial torsion is present and
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results in greater abduction of the foot in the transverse plane (39). Consequently, an increase in
tibial torsion is proposed to increase foot progression angle (12). Video studies of ACL injury have
also reported external rotation of the leg and/or foot in cases of rupture (35, 40). The soleus muscle
is responsible for contributing to knee stability, and when tibial torsion angle is lower, imparts a

more posteriorly directed force on the (proximal) leg.

3.5 Summary

Individuals with greater external tibial torsion demonstrate altered lower extremity
mechanics in squatting. Despite the associations between external tibial torsion and knee
pathologies, minimal research exists on the functional mechanics of individuals with varying
external tibial torsion. In particular, the differences in lower extremity mechanics and the effect on
joint stresses should be determined in individuals with high and low external tibial torsion. In
relation to ACL injuries, future research should compare lower extremity mechanics between ACL
injured versus healthy individuals with high external tibial torsion. This comparison may allow
determination of “coping strategies” that protect the ACL in uninjured individuals. This research
also demonstrates that reliable measurement of tibial torsion, with high inter-rater reliability, can be
made using a simple bar clamp and digital angle gauge. This method may facilitate future study of

and clinical screening for tibial torsion.
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CHAPTER 4
Tibial torsion influences lower body joint kinematics and kinetics in women with ACL injury

during squatting and landing

4.1 Introduction

Anterior cruciate ligament (ACL) injuries are prevalent in sport and activities that require
landing, sudden deceleration or change-in-direction manoeuvres (1). Sequelae of ACL injury
include knee joint instability and lower extremity muscle weakness, or compensation strategies
which may impair physical function in the short and long term (2-5). Young women have a higher
incidence of ACL injury, regardless of mechanism of injury, than young men (6, 7). This
discrepancy between sexes is particularly pronounced for non-contact ACL rupture (8). When
ACL injury occurs without physical contact to another athlete or immovable object (other than the
ground or landing surface), they are referred to as non-contact (1, 9). Mechanically, the ACL is
injured from excessive tensile stress, which may occur when anterior shear force is exerted on the
proximal tibia (10, 11), or through frontal and transverse plane moments of force exerted on the
segments comprising the knee joint (7). Although ACL rupture can be described anatomically, this
knowledge, at present, cannot be translated to in vivo human movement (12). As a consequence,
the exact mechanism(s) of ACL injury during functional activities is not exactly known. Further
research is warranted to identify anatomical, neuromuscular and motor control factors contributing

to ACL injury which may lead to developing strategies that reduce the incidence of these injuries.

Multiple anatomical risk factors are proposed to contribute to ACL risk, including femoral

intercondylar notch width, Q-angle, and excessive foot pronation. Anatomical risk factors are also
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known as structural factors, as they are variations in skeletal structure morphology that may

influence segmental motion, and subsequently stress placed on muscle and connective tissue.

Previous research by this author (Chapter 3) has identified another potential anatomical risk
factor for ACL injury. Specifically, external tibial torsion is greater in individuals with ACL injury
versus healthy individuals. Tibial torsion is the rotational offset of the distal to the proximal
articulating axes of the tibia/fibula complex in the transverse plane (13). Musculoskeletal modeling
studies have found that increasing external tibial torsion alters force vector directions for muscles
acting on the leg segment. In particular, there appears to be a shift in the ability of mono-articular
plantar flexors, such as soleus, to plantar flex the ankle and extend the knee (14, 15) through a
reduction in the posterior-directed force vector. It is hypothesized that as external tibial torsion
increases, the change in these muscles’ line of pull not only decreases the posterior-directed force
vector, but also increases the medial-directed force vector. An increased medial-directed force
vector would contribute to moments causing leg abduction and lateral rotation, while leg abduction
has been reported to increase the external knee valgus moment (16, 17). Individuals with excessive
external tibial torsion have larger external knee valgus moments (18), moreover, surgical reduction
of excessive external tibial torsion has been shown to reduce these moments (19). Greater external
tibial torsion has been associated to increased leg segment lateral rotation (Chapter 2). Lateral
rotation of the leg has been demonstrated, in vitro, to result in increased impingement of the ACL
against the lateral wall of the intercondylar notch (20, 21) with an applied valgus moment. These
reports suggest that external tibial torsion may predispose the lower body to movements that

increase the risk of ACL rupture.

A decreased posterior force vector for the posterior leg muscles may have other

consequences that relate to ACL injury. Specifically, decreasing this force vector reduces the
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ability to generate an ankle plantar flexor moment. Mechanically, this may be accomplished by
shifting the centre of pressure away from the forefoot and towards the heel (22). When athletic
activities, such as landing from a jump, are performed with the centre of pressure near the heel, the
time to achieve knee flexion is greater and vertical ground reaction forces are higher (23). Further,
less work is performed by the ankle plantar flexors and more work by the knee extensors (24).
Finally, peak knee extensor moment is achieved earlier in heel landing versus forefoot landing,
corresponding with smaller knee flexion angles. At smaller knee flexion angles (less than 35
degrees), the quadriceps muscles have been implicated in ACL injury because of their anteriorly

directed force vector acting on the tibia (25), which places greater tensile stress on the ACL.

ACL injured persons may have increased external tibial torsion (26) and external tibial
torsion may cause mechanics that increase stress on the ACL. However, there has been no study of
lower extremity mechanics in ACL injured persons in comparison to uninjured individuals with
more or less external tibial torsion. An understanding of how mechanics differ between these
populations may provide insight into how ACL injuries occur during functional tasks. The purpose
of this investigation was to compare lower extremity mechanics in ACL injured persons with
healthy individuals who have either low or high external tibial torsion. As ACL injured persons
may have different mechanics that are the result of: 1) greater external tibial torsion and 2) ACL
injury itself, a three group between subjects case-control study design was employed. This design
categorized eligible participants as either: ACL injured (ACL), high external tibial torsion (HTT),
or low external tibial torsion (LTT). If the mechanics demonstrated by the HTT and LTT groups
were not different from each other, but different from the ACL group, this would suggest the

mechanics are not due to external tibial torsion. If the mechanics demonstrated by the HTT and
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ACL groups were not different from each other, but different from the LTT group, this would

suggest the mechanics are due to a higher magnitude of external tibial torsion.

It was hypothesized that individuals with ACL injury (and high tibial torsion) would have
mechanics that differed from low external tibial torsion individuals. These hypotheses were
predicted from how external tibial torsion affects muscle force vectors (as previously described).

The three hypotheses were:

Hypothesis 1 — Individuals with greater external tibial torsion (both ACL injured and
healthy) will have greater lateral leg rotation (or lesser medial leg rotation) during squatting and

landing, and greater foot progression angles during landing.

Hypothesis 2 — Individuals with greater external tibial torsion (both ACL injured and
healthy) will have lesser internal ankle plantar flexor net joint moments for squatting and landing,

and a corollary increase in knee extensor and hip extensor net joint moments.

Hypothesis 3 — Individuals with greater external tibial torsion (both ACL injured and

healthy) will have greater leg abduction for squatting and landing.

4.2 Methods and Measurements

4.2.1 Participants

A non-probability consecutive convenience and quota sample of women, aged 18-35 years,
with (n=14) and without (n=34) ACL injury, was recruited from the university population using
recruitment flyers on notice boards and electronic mailing lists to Faculty and students in and

around the Faculty of Physical Education and Recreation buildings at the University of Alberta.
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All participants provided written informed consent as approved by a Research Ethics Board at the
University of Alberta (Ethics ID: Pro 00048284). Potential participants were excluded if they had a
self-reported history of hip, ankle or foot problems that required repeated medical treatment or
surgery. ACL participants were required to fulfill inclusion criteria which involved the following
requirements: being physically active in sport or recreation, having one ACL reconstructed once by
hamstring graft, mechanism of injury being non-contact (1) except with the ground, being at least
six months post-surgery and having no other major surgeries on the lower body. Healthy controls
were screened prior to enrollment and divided into two groups: high external tibial torsion (n=14)
or low external tibial torsion (n=20). An inclinometer manual measurement of tibial torsion was
used (Figure 3.2) and individuals with more than 17 degrees external tibial torsion were classified
as high and those with less than 14 degrees external tibial torsion as low. Participants were
excluded if the screening determined their tibial torsion to be between 14-17 degrees. This mid-
range was chosen based on previous research from our laboratory as being unrepresentative of high
or low tibial torsion. To determine this, pilot participants were grouped based on the direction of
transverse plane leg rotation during a squat, as medial or lateral rotators. Medial rotators
consistently measured below 14 degrees of torsion, and lateral rotators measured above 17 degrees.
Inconsistencies were most frequent between 14-17 degrees, providing the basis for exclusion. The
pre-screening was evaluated using the inclinometer measure of tibial torsion as this method showed
the strongest correlation to our laboratory method (motion analysis) for determining tibial torsion
(Figure 2.5). Participants with ACL injury (n=14) were 23.2+2 .4 years old, 1.71+0.07 m tall, and
67.3+£10.8 kg body mass. Healthy control participants (n=34) were 23.8+4.1 years old, 1.68+0.05

m tall, and 64.9+£9.4 kg body mass.
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4.2.2 Experimental Protocol

Participants visited the laboratory twice, approximately one week apart. On the first visit,
control participants were screened for their external tibial torsion (for grouping purpose) and
anthropometric measurements were completed on all participants. The first visit also provided the
opportunity for all participants to practice the tasks which would be completed as part of the motion
analysis on the second visit. Participants viewed an instructional video demonstrating the tasks,
and were then asked to practice five trials of each task. The tasks included: a weight bearing
partial squat, two-foot vertical jump and landing, and box landings (stepping off the box both with
the right foot first and the left foot first). Practice trials were not recorded, and minimal feedback
was given to assist the participants in performing the tasks safely. Feedback was given for the
squatting task, to standardize the foot position, and to limit trunk and pelvis movement (27). For
the jump landing and box landing tasks, feedback was only offered if the participants felt unsafe
with the task since it was important not to alter the participants’ individual movements. The
researcher would repeat the same instructions for each trial. For the two-foot jump task: “Place one
foot on each force plate, take off with both feet, land on both feet and jump as high as you can with
your eyes forward”. For the box landing task: “Step off the box with one foot, land with two feet

and keep your eyes forward”.

During the second session, all tasks were recorded for motion analysis. Participants
performed a body weight partial squat (3 repetitions). For the partial squat, participants were
instructed to reach a position of maximum dorsiflexion without allowing their trunk to flex forward
(Figure 4.1) or their pelvis to rotate. The partial squat was selected for this investigation as it
allowed foot placement and foot rotational alignment to be controlled, and has previously been used

to determine the association between lower extremity mechanics and tibial torsion (Chapter 2). The
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feet were aligned such that an imaginary line facing forward was through the centre of the heel and
the second ray of the foot. Foot width was standardized by placing the feet so that this imaginary
line was equal to the measured inter-distance width of the femoral greater trochanters. For each
trial, participants stood motionless for a minimum of two seconds (baseline position). The
participants then squatted to their maximum dorsiflexion position and held this position for two to

three seconds (squat position).

Figure 4.1 Image showing retro-reflective marker placement, partial squat task and positive directions for
translations and rotations following the right hand rule.

Two-foot maximal vertical jump landings were chosen for the participants, as this task

mimics a dynamic task present in most activities that involve landings. The task also provides an
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inherent safety measure, since the participants are landing from a self-regulated height. The
participants would be comfortable landing from their own maximal effort jumps, and would
hopefully demonstrate their normal mechanics. For the vertical jump and landing (six repetitions),
participants performed a maximal effort double leg take-off vertical jump. Participants were
instructed to reach upward with both hands, and to jump as high as possible. Participants were only
instructed to place one foot on each of the force platforms, but were not given any constraints to
foot placement or landing technique throughout the data collection. Rest was provided ad libitum

between repetitions.

Figure 4.2 Image showing box landing; non-involved (right foot) step off with two-foot landing.

The box landing task incorporated standardized equipment (40 cm platform), in order to

observe the mechanics for all individuals landing from the same height. This was important due to
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the large variability in jump height between participants in the maximal effort jump landing. For
the box landing task (six repetitions for each left and right step off), all participants stepped off a 40
cm platform and performed a double leg landing (Figure 4.2). Participants were instructed to step
off the platform with one foot, land with two feet and to keep eyes forward or upward to avoid
tracking the force platforms during landing. Arm motion and foot placement were not constrained,
and participants landed on the force platforms during data collection. Three left foot step off trials
were conducted, followed by three right foot step off trials, and then this order was repeated. Rest

was provided ad libitum between repetitions.

4.2.3 Motion Analysis

A six degree-of-freedom marker set was used (Figure 4.1). This involved calibration
markers to identify the proximal and distal ends of the segments and tracking markers during a
standing calibration trial, and tracking markers only for the dynamic tasks. Marker trajectories
were recorded using seven optoelectronic cameras (ProReflex MCU240; Qualisys, Gothenburg,
Sweden) sampling at 120 Hz. Two AMTTI force platforms (OR6-6; AMTI, Watertown, MA)
sampling at 1200 Hz were used to collect ground reaction force data. The pelvis was modeled from
proximal markers placed on the iliac crests and distal markers on the femoral greater trochanters.
The thigh was modeled proximally from the femoral greater trochanter markers as one quarter the
distance from the ipsilateral to the contralateral marker. The distal thigh was modeled as the mid-
point between markers on the medial and lateral femoral condyles. Pelvis tracking markers
included the iliac crests, anterior superior iliac spines, and the intervertebral disc at L5/S1, while
clusters of four markers fixed to a molded thermoplastic plate were used to track the thigh during

all tasks.
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The leg was modeled proximally as the mid-point between the medial and lateral tibial
condylar eminence markers. The distal leg was modeled as the mid-point between the medial and
lateral malleolus. The foot was modeled from proximal markers placed on the medial and lateral
malleoli and distal markers on the 1* and 5™ metatarsal heads. Clusters of four (leg) and three
(foot) markers were fixed to these segments with a molded thermoplastic plate to track them during
all tasks. The longitudinal axes (Z) of all segments connected the proximal and distal ends of the
segment. The sagittal (X) and frontal (Y) axes were orthogonal to each other and to the
longitudinal axis. The segment coordinate system for each segment was located at the proximal
end of the segment. All segments were modeled as conical frusta for analysis. Proximal and distal
markers on segments were used to define appropriate segment length and the radii of each end of
the frusta. Segment mass was determined as a percentage of total body mass using Dempster’s

anthropometric data (28).

To determine tibial torsion angle, the tibia’s transcondylar axis was modeled using the
proximal tibial markers and the transmalleolar axis modeled using the markers on the medial
malleolus (tibia) and lateral malleolus (fibula). Two separate segments were created using motion
analysis: a proximally biased leg segment and a distally biased leg segment (Figure 2.5). The
proximally biased leg segment used the medial and lateral tibial markers as the proximal parameters
and the mid-point between the malleoli as the distal parameters. The distally biased leg segment
used the mid-point between the tibial condyles as the proximal parameters and the medial and
lateral malleoli as the distal parameters. A comparison of these proximally and distally biased leg

segments in the transverse plane about the longitudinal (Z) axis was reported as tibial torsion angle.

Reflective marker data were processed in Visual 3D software (Version 4.82; C-Motion,

Germantown, MD) to determine segment and joint kinematics. Marker and force platform data
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were filtered using a low-pass fourth order recursive Butterworth with an 8 Hz cut-off frequency.
Segment rotations were determined using a ZY X Cardan sequence relative to the laboratory
reference frame to calculate mechanical rotations consistent with anatomically defined sagittal (X),
frontal (Y) and transverse (Z) planes. Joint rotations were determined using an XYZ Cardan
sequence with the distal segment as the reference segment. All coordinate systems conformed to
the right hand rule. For left limb data, the signs for rotations about the Y and Z axes were reversed
to conform to the right limbs. Positive segment rotations are dorsiflexion (X), inversion (Y) and
internal rotation (Z) [foot]; plantarflexion/extension (X), eversion/adduction (Y) and medial
rotation (Z) [leg]; flexion (X), adduction (Y) and medial rotation (Z) [thigh]; and extension (X),
ipsilateral obliquity (Y) and contralateral axial rotation (Z) [pelvis]. Positive joint rotations are
plantarflexion (X), eversion (Y) and external rotation (Z) [ankle]; flexion (X), abduction (Y) and
external rotation (Z) [knee]; and extension (X), abduction (Y) and external rotation (Z) [hip].
Inverse dynamics procedures were used to calculate the internal net joint moment (NJM) at the

ankle, knee, and hip with moments expressed in the coordinate system of the distal segments.

4.2.4 Data Reduction

For the partial squat, data was extracted based on the following events: standing (baseline),
peak leg dorsiflexion, and peak leg abduction. Transverse plane leg excursion was measured from
standing to peak leg dorsiflexion. Internal net joint moment metrics for the partial squat were
measured at peak leg dorsiflexion. The two-foot jump and box landing data were recovered based
on the following events: ground contact, foot flat, peak knee flexion, peak leg dorsiflexion, and
peak leg abduction. Foot progression angles were evaluated at ground contact and foot flat.

Transverse plane leg excursions were measured from ground contact to foot flat, and foot flat to
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peak knee flexion. Internal net joint moment metrics for the two-foot jump and box landings were

measured at foot flat and peak knee flexion.

4.2.5 Statistical Analysis

To investigate the effect of tibial torsion on lower limb kinematics and kinetics, a two-way
mixed ANOVA was performed on this data using case-control group (ACL injured vs. high torsion
control vs. low torsion control) as the between subjects variable and side (involved/left vs. non-
involved/right) as the within subjects repeated measures variable for squatting and landing tasks.
For this project, involved will refer to the injured limb for ACL participants and left limb for
control participants. Non-involved will refer to the non-injured limb for ACL participants and right
limb for control participants. Scheffé’s method was used for ANOV A post hoc comparisons to
help control Type 1 error, and was determined most appropriate due to its conservative method of
controlling experiment wide error rate with multiple comparisons. Statistical calculations were

performed in SPSS (Version 11.0; SPSS Inc. Chicago, IL), and alpha was set a priori (0=0.05).

4.3 Results

The complete results from the ANOVA statistical analysis and post hoc tests are
summarized in: Table 4.1 (weight bearing partial squat to maximum leg dorsiflexion), Table 4.2
(two-foot jump landing), Table 4.3 (involved limb step off box landing), Table 4.4 (non-involved
limb step off box landing), and Table 4.5 (sagittal plane hip, knee and ankle internal net joint
moments in two-foot jump landings and step off box landings). Effect size, which expresses the
mean difference between two groups in standard deviation units, is also reported alongside key
differences in the results. The meaning of effect size varies by context, but the standard

interpretation offered by Cohen (1988) is: d = 0.2 = small (1/5 of a standard deviation), d = 0.5 =
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moderate (1/2 of a standard deviation), and d = 0.8 = large (4/5 of a standard deviation unit). Data
from key dependent variables was also plotted against external tibial torsion by group and are

summarized in Figures 4.3-4.10.

There was a significant difference in external tibial torsion between groups as determined by
two-way mixed ANOVA (F(2,45) = 70.387, p<0.001). Post-hoc analysis revealed that external
tibial torsion was significantly higher in the high torsion group (M=20.1 degrees, SD=4.2,
median=18.8, range=17.4 to 31.7) than the ACL group (M=16.8 degrees, SD=3.1, median=16.1,
range=10.8 to 20.4, p=0.05, d=1.35) and the low torsion group (M=6.6 degrees, SD=4.1,
median=7.2, range=0.5 to 13.2, p<0.001, 4=3.77). The ACL group was also significantly higher
than the low torsion group (p<0.001, d=2.76). There was no difference between limbs for the low
or high torsion groups, but the difference in tibial torsion between the involved (M=18.4 degrees,
SD=2.9) and non-involved limb (M=15.2 degrees, SD=3.4) in the ACL group was found to be
significant (p<0.001). Effect size (d=1.0) also suggested that the difference between involved and

non-involved limbs had a high practical significance.
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Table 4.1 Kinematic and kinetic characteristics of participants with unilateral ACL reconstruction, and control participants with high (>17 degrees)
and low (<14 degrees) variations of external tibial torsion; weight bearing partial squat to maximum dorsiflexion.

Task - Squat ACL (n=14) HTT (n=14) LTT (n=20) Group Side Interaction Post Hoc
Variables (units) INV NON INV NON INV NON F(2,45) p F(1,45) I F(2,45) p Testing*
ibi i X 18.4 15.2 19.9 20.4 6.5 6.7

External tibial torsion % 70387 <0.001 2901 0095 5027 o011 1 ACL>LIT
(degrees) sD 2.9 3.4 3.8 4.5 4.8 34 (ACL) INV > NON
Foot progression angle X 6.8 8.0 8.0 7.8 7.1 7.5 0464 0632 1136 0292 0548 0582
{degrees) SD 3.1 3.4 2.4 2.0 2.8 3.4
Leg excursion (transverse) X 0.03 3.2 0.05 0.6 4.2 4.0 6685 0.003 11578 0001 9.092 <0.001 LTT > HTT
{degrees; + medial, - lateral) SD 2.2 2.8 4.1 3.1 3.5 35 (ACL) NON > INV
Peak leg dorsiflexion X 30.2 28.7 336 34.3 32,6 32,6 1298 0283 0681 0414 3.585 0.036
(degrees) SD 6.8 5.5 7.8 6.9 8.9 8.4
Peak leg abduction x o7 516444 60 30 54511 0989 11.870 0001 1403 0256  (HTT)INV > NON
(degrees) sD 2.2 2.3 3.2 3.2 3.0 3.0
Ankle plantarflexor moment X 0.22 0.20 0.28 0.28 0.26 0.26 1761 0184 0648 0425 1471 0252
{N-m/kg body mass) sbD 0.09 0.10 0.09 0.08 0.13 0.12
Ankle evertor moment X 0.03 0.01 0.10 0.05 0.01 0.00 5057 0005 5626 0022 1852 0.169 HTT > ACL,LTT
(N-m/kg body mass) SD  0.06 0.04 0.08 0.11 0.06 0.06 (HTT) INV > NON
Ankle lateral rotat t X 0.07 0.06 0.08 0.08 0.05 0.04

nide flateralrotator momen % 8209 0001 0.836 0365 0859 0431 HTT > LTT
{N-m/kg body mass) sD 0.12 0.03 0.02 0.04 0.03 0.03

* ACL = ACL injured participants; HTT = high tibial torsion controls; LTT = low tibial torsion controls
INV: Involved limb in ACL participants, left limb in control participants
NON: Non-involved limb in ACL participants, right limb in control participants
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Table 4.2 Kinematic and kinetic characteristics of participants with unilateral ACL reconstruction, and control participants with high (>17 degrees)
and low (<14 degrees) variations of external tibial torsion; two-foot jump landing.

Task - Jump landing ACL (n=14) HTT (n=14) LTT (n=20) Group Side Interaction Post Hoc
Variables (units) INV NON INV NON INV NON F(2,45) P F(1,45) P F(2,45) p Testing*
i X 15.4 14.7 18.3 22.5 12.5 14.5

Foot progression angle at GC X 7105 0002 2678 0.109 1405 0.256 HTT > ACLLTT
(degrees) SD 5.4 5.3 3.4 8.7 4.5 9.3
Foot i le at FF X 14.3 14.9 16.4 19.5 12.6 14.0

oot progression angle a 4514 0016 2742 0.105 0.480 0.622 HTT > LTT
{degrees) SD 4.2 5.2 4.0 7.4 3.7 8.0
Leg excursion (transverse) GC>FF X 2.5 2.5 19 19 6.9 6.2 17.225 <0.001 0207 0651 0197 0.822 LTT > ACL HTT
(degrees; +medial/-lateral) SD 4.1 2.7 3.4 2.2 33 3.0
L i t FF>PKF X X . . . . -0.

eg excursion (transverse) FF>| X 0.8 1.0 0.7 11 0.03 0.2 5002 0147 0140 0710 0300 0.742
(degrees; +medial/-lateral) SD 1.5 2.3 1.8 2.0 1.4 2.7
Peak leg dorsiflexion X 37.6 37.8 35.3 37.0 36.1 36.7 0547 0583 2353 0132 0621 0542
{degrees) SD 3.3 4.0 4.8 4.9 4.1 6.1
Peak leg abduction x 78 75 15 99 6.7 71 5172 0010 2243 0141 3047 0.057 HTT > ACLLTT
{degrees) SD 3.1 2.8 3.4 4.0 4.2 3.9
Leg abduction at GC X 8.0 8.1 10.2 8.6 8.6 7.9 3536 0037 4972 0031 1976 0158 HTT > ACL,LTT
{degrees) SD 1.9 1.2 2.1 19 1.7 2.1 {HTT) INV > NON
Ankle lateral rotation at GC X 9.9 10.3 11.0 15.3 3.0 6.1 14.761 <0.001 5179 0.028 0979 0.383 ACLHTT > LTT
(degrees) SO 5.6 6.1 7.8 5.5 4.5 6.7 (HTT) NON > INV
Ankle plantarflexor moment at FF X 1.07 1.06 0.89 1.02 1.23 1.27 7143 0002 5.087 0029 2347 0107 LTT > HTT
(N-m/kg body mass) SD 0.23 0.19 0.20 0.19 0.24 0.34 (HTT) NON > INV
Ankle plantarflexor moment at PKF X 0.67 0.60 0.58 0.66 0.66 0.69 0459 0635 0316 0577 4416 0.018
(N-m/kg body mass) sb 015 ©0.14 022 020 018  0.25
Ankl rt t at FF X 0.27 0.24 0.31 0.26 0.17 0.19

nie evertor moment a 3776 0030 1007 0321 1185 0315 HTT > LTT
(N-m/kg body mass) sD 017 0.10 0.19 0.09 0.12 0.10
Ankle evertor moment at PKF X 0.14 0.13 0.19 0.18 0.09 0.10 6802 0.003 0010 0922 0214 0808 HTT > ACLLTT
(N-m/kg body mass) sOD 007 006 010 010 0.07 0.07
Ankle lateral rotator moment at FF X 0.16 0.13 0.18 0.17 0.12 0.12 0113 0.092 0214 0646 0060 0.942
(N-m/kg body mass) sOD 008 005 013 017 008 011
Ankle lateral rotator moment at PKF X 0.09 0.06 0.09 0.09 0.07 0.03 2911 0065 4203 0046 105 0356 (ACLLTT) INV > NON
(N-m/kg body mass) SD 0.06 0.05 0.06 0.08 0.05 0.07

* ACL = ACL injured participants; HTT = high tibial torsion controls; LTT = low tibial torsion controls
GC = Ground contact; FF = Foot flat; PKF = Peak knee flexion

INV: Involved limb in ACL participants, left limb in control participants

NON: Non-involved limb in ACL participants, right limb in control participants
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Table 4.3 Kinematic and kinetic characteristics of participants with unilateral ACL reconstruction, and control participants with high (>17 degrees)
and low (<14 degrees) variations of external tibial torsion; involved limb step off box landing.

Task - Involved step off box landing ACL (n=14) HTT (n=14) LTT (n=20) Group Side Interaction Post Hoc
Variables {units}) INV NON INV NON INV NON F(2,45) 7} F(1,45) b F(2,45) p Testing®
i X 12.1 16.5 14.7 21.3 9.2 18.4
Foot progression angle at GC X 4601 0015 48230 <0.001 2132 0.130  (ALL) NON> INV
{degrees) SD 4.2 5.8 5.4 5.1 4.8 6.3
, - HTT > ACL
Foot progression angle at FF X 10.2 10.2 13.9 15.8 8.5 13.8 4378 0018 9061 0004 4132 0023
(degrees) sD 4.1 4.3 6.2 4.4 4.5 6.8 (LTT) NON > INV
i X LTT > ACLHTT
Leg excursion (transverse) GC>FF X 4.5 6.5 3.0 6.7 5.8 8.7 3275 0.049 32592 <0.001 0916 0.407
(degrees; +medial/-lateral) s 3.9 3.2 3.3 3.0 3.1 35 (ALL) NON > INV
Leg excursion (transverse} FF>PKF X -1.1 0.1 -1.7 0.4 -1.8 1.0
& ( ) 0.042 0.959 10.980 0.002 0.652 0.526 (HTT,LTT) NON > INV
{degrees; +medial/-lateral) SD 3.5 3.4 2.7 3.2 2.9 3.0
Peak leg dorsiflexion X 34.7 35.2 34.6 36.2 339 354 0059 0943 2797 0101 0230 0.795
(degrees) SD 5.9 6.2 4.8 5.2 7.9 8.5
Peak leg abduction X 7.9 8.3 10.1 8.9 7.8 7.9 0808 0452 0200 0657 0917 0407
{degrees) SD 3.9 4.1 3.9 3.6 4.1 5.0
L bducti t GC X 7.8 4.4 9.6 4.0 8.7 51
€6 abduction a X 0763 0.472 88.629 <0.001 2301 0.112  (ALL)INV>NON
{degrees) SD 2.3 2.3 2.5 1.9 2.5 3.1
Ankle lateral rotati t GC X 9.7 10.5 10.5 12.4 4.8 6.2
nile lateral rotation a 8.698 0.001 1534 0222 0074 0.929 ACLHTT > LTT
(degrees) SD 5.4 4.7 6.8 6.5 4.8 6.5
Ankle plantarflexor moment at FF X 1.03 0.91 0.89 0.75 1.17 0.78 2097 0135 21.378 <0.001 3.937 0.027 (ALL) INV > NON
{N-m/kg body mass) sD 0.32 0.26 0.33 0.22 0.38 0.15
Ankle plantarflexor moment at PKF X 0.65 0.60 0.62 0.58 0.73 0.66 1166 0321 5366 0075 0113 0.894 (LTT) INV > NON
(N-m/kg body mass) sb 023 022 020 021 022 014
¥ ACLHTT > LTT
Ankle evertor moment at FF X 0.27 0.20 0.25 0.14 0.17 0.09 4354 0019 12.418 0001 0450 0.640
{N-m/kg body mass) s 016 010 016 015 011  0.13 (ALL) INV > NON
Ankle evertor moment at PKF X 0.16 0.13 0.18 0.15 0.10 0.12 1807 0176 0703 0406 1215 0.306
(N-m/kg body mass) sb 011 008 012 014 0.08 0.08
Ankle lateral rotator moment at FF X 0.16 0.07 0.19 0.03 0.16 0.02 0973 0405 56709 <000l 1532 0.227 (ALL) INV > NON
(N-m/kg body mass) sOb 007 006 011 008 011  0.05
Ankle lateral rotator moment at PKF X 0.07 0.04 0.09 0.04 0.07 0.03 0743 0481 14371 <0001 0158 0.854 (ALL) INV > NON
{N-m/kg body mass) sSD 0.07 0.06 0.04 0.08 0.04 0.04

* ACL = ACL injured participants; HTT = high tibial torsion contrals; LTT = low tibial torsion controls
GC = Ground contact; FF = Foot flat; PKF = Peak knee flexion

INV: Involved limb in ACL participants, left limb in control participants

NON: Non-involved limb in ACL participants, right limb in control participants
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Table 4.4 Kinematic and kinetic characteristics of participants with unilateral ACL reconstruction, and control participants with high (>17 degrees)
and low (<14 degrees) variations of external tibial torsion; non-involved limb step off box landing.

Task - Non-involved step off box landing ACL (n=14) HTT (n=14) LTT (n=20) Group Side Interaction Post Hoc
Variables (units) INV NON INV NON INV NON F(2,45) P F(1,45) b F(2,45) b Testing*
i ¥ 169 107 202 163 157  13.0 HTT > ACLLTT
Foot progression angle at GC X 4411 0018 17.967 <0001 1.166 0.340
(degrees) SD 5.6 4.4 3.8 5.9 7.3 5.2 {ALL) INV > NON
Foot progression angle at FF X 10.4 10.0 13.0 15.2 10.0 12.4 2596  0.085 3.283 0077 1291  0.285
(degrees) SD 4.8 4.3 3.9 6.4 5.2 6.6
L jon (t GC~>FF X 7.0 5.3 6.4 2.3 8.7 5.0
eg excursion (transverse) GC-» X 3.039 0058 25786 <0.001 1.338 0273 (AL INV> NON
(degrees; +medial/-lateral) SD 4.3 4.1 3.2 3.2 3.7 3.4
Leg excursion (transverse) FF>PKF X -0.9 -1.2 0.0 -1.1 1.7 -1.2
8 ( ) 1.443 0.247 6908 0.012 2.247 0.117 (HTT,LTT) INV> NON
(degrees; +medial/-lateral) SD 3.7 3.1 2.9 2.3 2.4 2.8
Peak leg dorsiflexi X 353 353 337 354 344 364
cak leg corsitiexion X 0093 0911 7.405 0.009 1727 0.189 (HTT,LTT) NON >INV
(degrees) SD 6.2 5.9 5.8 4.9 6.3 6.9
Peak leg abducti % 80 8.4 9.7 5.3 8.9 7.4
cak feg abduction 0211 0811 10.472 0.002 5299 0.009 (HTT,LTT) INV>NON
(degrees) SD 3.5 3.7 3.8 21 3.9 4.4
Leg abduction at GC % 4.2 8.0 5.4 6.7 5.7 7.4
€g abduction a X 0336 0716 37.366 <0.001 3.864 0.028  (ALL) NON >INV
(degrees) SD 1.9 1.4 2.2 2.3 3.0 2.2
i % ACLHTT > LTT
Ankle lateral rotation at GC X 11.6 10.9 10.5 14.6 4.1 8.1 9017 0001 4616 0.037 1870 0.166
(degrees) SD 6.0 5.5 9.4 5.1 4.0 6.2 (HTT,LTT) NON > INV
% ACLLTT > HTT
Ankle plantarflexor moment at FF X 0.92 112 0.80 0.93 0.92 1.20 3844 0079 34378 <0001 1324 0276
(N-m/kg body mass) sb 021 023 015 026 0.3 0.33 (ALL) NON > INV
Ankle plantarflexor moment at PKF X 0.66 0.67 0.55 0.66 0.77 0.77 5148 0010 2663 0110 2354 0.107 LTT > HTT
(N-m/kg body mass) sb 013 015 016 028 0.1  0.20
_ ACL > HTT > LTT
Ankle evertor moment at FF X 0.19 0.29 0.16 0.23 0.08 0.16 7333 0.002 21360 <0.001 0183 0.834
(N-m/kg body mass) sb 010 013 008 012 0.0 012 {ALL) NON > INV
Ankl r t at PKF X 017 015 020 020 0.08 010
nile evertor moment a X 6670 0.003 0003 00954 0479 0.623 ACLHTT > LTT
(N-m/kg body mass) sb 009 009 010 016 0.07 0.09
% HTT > LTT
Ankle lateral rotator moment at FF X 0.07 0.16 0.10 0.16 0.06 0.09 £032 0011 13.231 0.001 1486 0241
(N-m/kg body mass) SD  0.05 0.05 0.11  0.08 0.08 0.08 (ALL) NON > INV
Ankle lateral rotat t at PKF X 006 005 006 009 006 005
niie lateral rotatormoment a X 0528 0593 0.018 0893 0961 0390  (HTT)NON >INV
(N-m/kg body mass) sbD 0.05 007 009 0.08 005 007

* ACL = ACL injured participants; HTT = high tibial torsion controls; LTT = low tibial torsion controls
GC = Ground contact; FF = Foot flat; PKF = Peak knee flexion

INV: Involved limb in ACL participants, left limb in control participants

NON: Non-involved limb in ACL participants, right limb in control participants

70



Table 4.5 Hip, knee, ankle internal net joint moments (NJM) of participants with ACL reconstruction, and control participants with high (>17
degrees) and low (<14 degrees) variations of external tibial torsion; two-foot jump and box landings.

Task - Landings ACL (n=14) HTT (n=14) LT (n=20) Group Post Hoc
Variables (units) F(2,45) p Testing*
Ankle plantar flexor NJM (N-m/kg body mass) at FF
Jump landing {two-foot landing, involved limb)  1.07 £0.21 0.89 +0.20 1.23£0.24 9.143  0.001 LTT > HTT
Jump landing (two-foot landing, non-involved limb)  1.06 £ 0.19 1.02+£0.19 1.271£0.34 6.954 0.003 LTT > ACLHTT
Box landing (involved limb step off, involved limb) ~ 1.03 +0.32 0.89 +0.33 1.17 +0.38 6.423  0.008 LTT > HTT
Box landing (nen-involved limb step off, non-involved limb)  1.12 £0.23 0.93 +0.26 1.20 +0.33 4.257 0.022 LTT > HTT
Knee extensor NJM (N-m/kg body mass) at FF
Jump landing (two-foot landing, involved limb)  1.22 £0.28 1.16 +0.19 0.99 +0.31 5501 0.013 ACL>LTT
Jump landing (two-foot landing, non-involved limb)  1.08 +0.24 1.10+0.23 1.06 £ 0.29 0.851 0.477
Box landing (involved limb step off, involved limb)  1.40 + 0.41 1.27+0.32 1.19 £ 0.37 3.314 0.034 ACL>LTT
Box landing (non-involved limb step off, non-involved limb)  1.27£0.27 1221031 1.131£0.33 2446  0.093
Hip extensor NJM (N-m/kg body mass) at FF
Jump landing {two-foot landing, involved limb)  0.89 £0.18 0.94+0.27 0.731£0.23 3.637 0.031 HTT > LTT
Jump landing (two-foot landing, non-involved limb) ~ 0.84 £0.22 0.90 +0.20 0.77+0.29 1168 0.289
Box landing (involved limb step off, involved limb) ~ 0.82 +0.28 0.84+£0.30 0.68 +0.28 2.521 0.089
Box landing (non-involved limb step off, non-involved limb) ~ 0.65 +£0.25 0.68 £+0.31 0.53+0.19 2939 0.076

* ACL = ACL injured participants; HTT = high tibial torsion controls; LTT = low tibial torsion controls
Internal net joint moments were calculated at foot flat (FF) for two-foot jump and box landings

INV: Involved limb in ACL participants, left limb in control participants

NON: Non-involved limb in ACL participants, right limb in control participants
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Figure 4.3 Scatter plot demonstrating left leg transverse plane leg rotation, from ground contact to foot flat,
during jump landing (degrees) as a function of left leg external tibial torsion (degrees) for ACL injured
participants, high torsion control participants, and low torsion control participants.
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Figure 4.4 Scatter plot demonstrating right leg transverse plane leg rotation, from ground contact to foot flat,
during jump landing (degrees) as a function of right leg external tibial torsion (degrees) for ACL injured
participants, high torsion control participants, and low torsion control participants.
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Figure 4.5 Scatter plot demonstrating left foot progression angle during jump landing (degrees) as a function
of left leg external tibial torsion (degrees) for ACL injured participants, high torsion control participants, and
low torsion control participants.
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Figure 4.6 Scatter plot demonstrating right foot progression angle during jump landing (degrees) as a
function of right leg external tibial torsion (degrees) for ACL injured participants, high torsion control
participants, and low torsion control participants.
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Figure 4.7 Scatter plot demonstrating left ankle plantar flexor net joint moment during jump landing (N-m/kg
body weight) as a function of left leg external tibial torsion (degrees) for ACL injured participants, high
torsion control participants, and low torsion control participants.
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Figure 4.8 Scatter plot demonstrating right ankle plantar flexor net joint moment during jump landing
(N-m/kg body weight) as a function of right leg external tibial torsion (degrees) for ACL injured participants,
high torsion control participants, and low torsion control participants.
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Figure 4.9 Scatter plot demonstrating left leg peak abduction angle during jump landing (degrees) as a
function of left leg external tibial torsion (degrees) for ACL injured participants, high torsion control
participants, and low torsion
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Figure 4.10 Scatter plot demonstrating right leg peak abduction angle during jump landing (degrees) as a
function of right external tibial torsion (degrees) for ACL injured participants, high torsion control
participants, and low torsion control participants.
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4.3.1 Transverse Plane Leg and Foot Mechanics

During the partial squat, there was a group main effect for leg excursion in the transverse
plane as determined by two-way mixed ANOVA (F(2,45) = 6.685, p=0.003). Post-hoc analysis
revealed that transverse plane medial leg rotation was significantly higher in the low torsion group
(4.1 + 3.3 degrees) when compared to the high torsion group (0.3 + 3.4 degrees, d=1.06), but not
significantly higher when compared to the ACL group (1.6 + 2.4 degrees, d=0.42). Within the
ACL group, the non-involved limb had significantly higher leg medial rotation (3.2 + 2.8 degrees)
compared to the involved limb (0.03 £ 2.2 degrees, d=1.01). During the jump landing task, there
was a group main effect for leg excursion in the transverse plane (from ground contact to foot flat),
(F(2,45)=17.225, p<0.001). Post hoc analysis revealed that medial leg rotation was significantly
greater in the low torsion group (6.5 + 3.2 degrees) compared to the high torsion group (1.9 £2.8
degrees, d=0.98) and the ACL group (2.5 + 3.5 degrees, d=0.99). During the involved limb step
off box landing, there was a group main effect for leg excursion in the transverse plane (from
ground contact to foot flat), (F(2,45) = 3.225, p=0.049). Post hoc analysis revealed that medial leg
rotation was significantly greater in the low torsion group (7.3 £ 3.3 degrees) compared to the high

torsion group (4.9 + 3.2 degrees, d=0.77) and the ACL group (5.5 + 2.2 degrees, d=0.63).

During the jump landing, there was a group main effect for foot progression angle (at
ground contact) as determined by two-way mixed ANOVA (F(2,45) =7.105, p=0.002). Post-hoc
analysis revealed that foot progression angle at ground contact was significantly greater in the high
torsion group (20.4 £+ 6.1 degrees) when compared to the ACL group (15.1 £ 5.4 degrees, d=0.74),
and the low torsion group (13.5 + 6.9 degrees, d=1.02). During the step-off box landing tasks, the
trailing limb consistently showed significantly greater foot progression angles (18.8 & 5.6 degrees)

than the leading step-off limb (12.2 + 4.7 degrees) in all groups.
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4.3.2 Ankle Plantar Flexor, Knee Extensor and Hip Extensor Net Joint Moments

During the two-foot jump landing, there was a group main effect for ankle plantar flexor net
joint moment (at foot flat), (F(2,45) = 7.143, p=0.002). Post hoc analysis revealed that ankle
plantar flexor net joint moment was greater in the low torsion group (1.25 £+ 0.29 N-m/kg body
mass) when compared to the high torsion group (0.96 £ 0.20 N-m/kg body mass, d=1.43). During
the non-involved limb step-off box landing, there was a group main effect for ankle plantar flexion
net joint moment (at foot flat), (F(2,45) = 3.844, p=0.029). Post hoc analysis revealed that ankle
plantar flexor net joint moment was greater in the low torsion group (1.20 = 0.33 N-m/kg body
mass) and the ACL group (1.12 + 0.23 N-m/kg body mass) when compared to the high torsion

group (0.93 + 0.26 N-m/kg body mass).

When considering the more proximal internal net joint moments during the two-foot jump
landing task, there was a group main effect for knee extensor net joint moment (at foot flat),
(F(2,45)=5.501, p=0.013). Post hoc analysis revealed that knee extensor net joint moment was
significantly greater in the ACL group (1.22 + 0.28 N-m/kg body mass) compared to the low torsion
group (0.99 + 0.31 N-m/kg body mass, d=1.08). During the involved limb step-off box landing,
there was a group main effect for knee extensor net joint moment (at foot flat), (F(2,45) = 3.314,
p=0.034). Post hoc analysis revealed that knee extensor net joint moment was greater in the ACL
group (1.40 + 0.41 N-m/kg body mass) compared to the low torsion group (1.19 + 0.37 N-m/kg
body mass, d=0.88). There was a significant group main effect on hip extensor net joint moment in
the involved limb during the jump landing (£(2,45) = 3.637, p=0.031), where Scheffé¢ post hoc
testing revealed that hip extensor net joint moment was greater in the high torsion group (0.94 +
0.27 N-m/kg body mass) compared to the low torsion group (0.73 £ 0.23 N-m/kg body mass,

d=0.81). During the jump landing, there was a group main effect for hip extensor net joint moment
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(F(2,45)=3.637, p=0.031). Post hoc analysis revealed that hip extensor net joint moment was
greater in the high torsion group (0.94 £+ 0.27 N-m/kg body mass) when compared to the low torsion

group (0.73 + 0.23 N-m/kg body mass, d=0.89).

4.3.3 Frontal Plane Leg Mechanics

During the two-foot jump landing, there was a group main effect for peak leg abduction
(F(2,45)=5.172, p=0.01) and leg abduction at ground contact (F(2,45) = 3.536, p=0.037). Post
hoc analysis revealed that leg abduction was greater in the high torsion group (10.7 + 3.7 degrees,
9.4 + 2.0 degrees) compared to the low torsion group (6.9 = 4.2 degrees, d=0.54, 8.3 + 1.9 degrees,
d=0.33) and the ACL group (7.6 = 3.0 degrees d=0.61, 8.1 £ 1.6 degrees, d=0.35). During the step
off box landings, the lead leg, whether involved or non-involved, always demonstrated significantly

greater leg abduction at ground contact than the trailing leg.

4.4 Discussion

The study design grouped participants as ACL injured (n=14) or control participants without
ACL injury (n=34). The control participants were then grouped by degree of external tibial torsion;
high (n=14) or low (n=20). This grouping allowed the researcher to investigate the potential
relation between magnitude of torsion and mechanics known to influence the risk of non-contact
ACL injury. Theoretical rationale was based on previous research by this author (Chapters 2, 3)
and limited research that has suggested that ACL injured persons may have increased external tibial
torsion (29). The difference in external tibial torsion measured between the groups was as
anticipated. The high torsion controls had greater tibial torsion than the ACL group, and the ACL

group had greater tibial torsion than the low torsion controls. This was an important finding as it
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replicates previous work from the investigator (Chapter 2), and provides support for the grouping
parameters used to classify participants as high or low in the control groups. It was interesting that
the involved limbs in the ACL group displayed greater external tibial torsion than the non-involved
limbs. This also provides further evidence to support previous findings (Chapter 3) and presents
auxiliary evidence to consider tibial torsion as an important inter- and intra-individual anatomic risk

factor for non-contact ACL rupture in women.

The first objective of the first hypothesis was to examine the potential influence of tibial
torsion on transverse plane leg rotation during squatting and landing tasks. The second objective of
the first hypothesis was to compare foot progression angles during the landing tasks between the
groups. As hypothesized, ACL injured and high torsion participants had lesser medial leg rotation
(or greater lateral leg rotation) for all tasks; and foot progression angles were also greatest in the

landing tasks in the ACL injured and high torsion groups.

It appears that external tibial torsion is greater in ACL injured individuals (29). Moreover,
for individuals with unilateral injury, external tibial torsion appears to be greater in the injured limb
(Chapter 3). Increased tibial torsion is associated with less medial leg rotation, or even lateral leg
rotation during human motion that requires weighted knee flexion and ankle dorsiflexion (squatting
and landing). This variation is likely, in part, due to the altered line of pull of the posterior leg
muscles (soleus, tibialis posterior, flexor digitorum longus, and flexor hallucis longus) in

individuals with increasing magnitudes of external tibial torsion.

An association between external tibial torsion and leg lateral rotation has been previously
established in clinical populations (30, 31), and children (32), as well as being implicated in ACL
injured individuals (33). Theoretical rationale for the association is based on the premise that there

1s a progressive increase in the medial directed force vector from the posterior leg muscles as the
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magnitude of external tibial torsion increases. This increased medial-directed force vector has the
ability to generate a lateral rotation moment in the leg segment (Figure 2.3). The low torsion group
demonstrated the greatest medial leg excursion (or least lateral leg rotation) during all tasks. The
ACL group demonstrated leg rotation that was similar to the high torsion group. However, this leg

rotation in the ACL group was not always significantly greater than the low torsion group.

While many non-contact ACL injuries result from direct tensile loading, the ACL may also
be injured due to impingement against the intercondylar notch (20, 34). Although external leg
rotation does not appear to load the ACL with the same degree of loading as internal leg rotation
(10, 35), ACL impingement injury is more likely to occur when the tibia is abducted and externally
rotated (36). Individuals with smaller notch dimensions appear to be at greater risk of impingement
injury than those with larger notch dimensions (37), and notch width index has been reported to be
smaller in women (38). If external tibial torsion is related to lateral leg rotation, which is
commonly demonstrated during landing or change of direction manoeuvres, then tibial torsion
should be considered as a possible predictor for mechanics that increase the risk of ACL injury in

women.

Foot progression angles were not different between groups during the squatting task, and
only varied by 2 degrees (6-8 degrees of turnout). This was as expected since foot placement and
rotational alignment were controlled for in the squat. When the control was removed in the landing
tasks, participants’ foot progression angles changed in accordance with their external tibial torsion.
Specifically, individuals with greater external tibial torsion demonstrated increased foot progression
angles at ground contact and foot flat. The greater foot progression angles may contribute to non-
sagittal plane leg rotation when landing with a flexed knee (39). During this type of landing,

combined tibial axial rotation and translation affects the force distribution of the ligamentous
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structures in the knee (40), and may result in subsequent transfer of higher loads to the ACL.
Excessive transverse plane rotation, medial or lateral, with a flexed knee can lead to excessive
stress on the ACL (41), which is a common mechanism of non-contact ACL injuries (42). This
combination of kinematics may be further intensified with increased foot progression angles during
landing, which appear to be increased in individuals with greater external tibial torsion. Taken
together, individuals with increased foot progression angles, possibly mediated by external tibial

torsion, are at a mechanical disadvantage for preventing ACL injury.

The objective of the second hypothesis was to examine the relation between internal plantar
flexor net joint moments and tibial torsion during the squatting and landing tasks. As hypothesized,
the low torsion group demonstrated the highest internal plantar flexor net joint moments for all
landing tasks. The less dynamic nature of the squat task likely contributed to the non-significant
differences in plantar flexor net joint moments; as ground reaction forces were likely not great
enough to elicit group effects in sagittal moments. However, in the landing tasks, there did appear
to be a shift in the ability of the mono-articular musculature to plantar flex the ankle as tibial torsion
increased, as previously proposed (14, 15). If the posterior leg muscles have a decreased posterior
directed force vector, this would help explain the reduced ability to generate an ankle plantar flexor
net joint moment in humans with high external tibial torsion. Since the quadriceps muscles have
an anterior directed force on the leg segment during landing (25), the reduced posterior soleus force
may result in a higher net anterior leg force which increases tensile stress on the ACL. If there are
less posterior directed forces on the leg segment to counteract the effect of the quadriceps, there is
mechanical rationale to suggest that the ACL would be at greater risk of tensile rupture individuals

with greater external tibial torsion.
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Moreover, a decrease in the ability to generate an internal plantar flexor net joint moment
may affect the muscular effort in the more proximal knee and hip joints. During landing tasks, the
contribution of kinetic and potential energy to the total energy of the system is ultimately
determined by the vertical displacement (jump height or box height). As the landing occurs,
muscular work must be performed to reduce the vertical velocity of the falling body to zero. The
best estimate of muscular work performed is often achieved by summing the work performed on
the segments and the work performed by the muscle (43), where the work performed by the muscle
can be estimated through inverse dynamic techniques. This means that for any given landing, a

certain amount of muscular work is required.

If, by anatomic variation of external tibial torsion, the ankle plantar flexors’ muscular effort
on the leg segment is decreased, then it is plausible that the knee extensors and hip extensors would
see an increase in muscular effort. Zhang (44) and Moolyk (24) have reported this relationship in
landing and weightlifting tasks. Hashemi et al. (45) also reported that an increase in hip extensor
and knee extensor net joint moments would contribute to the posterior force on the femur, and the
anterior force on the tibia, thereby increasing the risk of ACL rupture. Internal ankle plantar flexor,
knee extensor and hip extensor net joint moments for this investigation followed similar outcomes
to these reports (Table 4.5). Low tibial torsion participants consistently demonstrated the highest
internal plantar flexor net joint moments. Moreover, knee extensor and hip extensor net joint
moments in the low torsion group were consistently lower, though not always significantly, than the

ACL injured and high tibial torsion participants.

When summing the net joint moments within the study groups, similar totals were
demonstrated, although greater extensor moments were observed at the knee and hip when ankle

plantar flexor contribution decreased. This suggests that the relative contribution of knee and hip
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extensor musculature increases as ankle plantar flexor contribution decreases. This alteration of
lower body muscular effort during landing means that the knee extensors (quadriceps) and hip
extensors (gluteus maximus) may be more active in individuals with higher magnitudes of external
tibial torsion when compared to those with low tibial torsion. If there is less posterior directed
force on the leg segment (due to a reduction of the contribution of the mono-articular ankle plantar
flexors), more anterior directed force on the leg segment (due to an increase of the contribution of
the knee extensors), and more posterior directed force on the thigh segment (due to an increase of
the contribution of the hip extensors), there is even further mechanical rationale to suggest that the

ACL would be at greater risk of injury in individuals with greater external tibial torsion.

The objective of the third hypothesis was to examine the relation between frontal plane leg
abduction and tibial torsion during the squatting and landing tasks. No differences were found
between the groups during the squatting task. The less dynamic nature of the squat task and the
constraints on foot placement may have contributed to the non-significant differences in frontal
plane leg abduction. The results from the jump landing tasks were generally in support of the a
priori hypothesis. The high torsion group demonstrated greater leg abduction angles than the ACL
injured and low torsion groups during the jump landing. This discrepancy may be due to increased
external tibial torsion in the high torsion group. With a decrease in the ability of the soleus muscle
to plantar flex the leg, it is plausible to consider that the remaining mono-articular plantar flexors
would have a greater contribution to sagittal force generation. Tibialis posterior, flexor digitorum
longus and flexor hallucis longus all pass posterior to the medial malleolus to an eventual insertion
on the base of the foot (navicular, base of the distal phalanges II-IV, base of distal phalanx I). In a
limb with an increasing magnitude of tibial torsion, the force vector from these muscles would

become increasingly medial and less inferior/posterior. A decreased ankle plantar flexor moment
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may be associated to an increase in leg abduction during landing, although this was not consistently
demonstrated in the current investigation. A possible explanation could be unidentified individual
differences in the static alignment of the proximal segments which may contribute to faulty
dynamic alignment and influence rotational moments about the knee and ankle. Previous research
has reported larger external knee valgus moments with increased external tibial torsion (18) and
increased leg abduction (16, 17). Functional valgus collapse at the knee, also known as faulty
dynamic alignment (46), during landing activities is a mechanism associated with non-contact ACL
injury (47, 48). Leg abduction, along with tibial rotation, has also been reported more often in
women than in men during landing activities (49, 50). Women have also demonstrated greater non-
sagittal knee moments than men while performing activities that increase ACL risk of injury (51).
There is enough evidence in the jump landing data to warrant further investigation in the effects of

external tibial torsion on frontal plane motion known to increase risk of ACL injury.

The step off box landing results did not fully support the hypothesis of greater leg abduction
with an increasing tibial torsion angle. Although leg abduction was consistently greater in the step
off limb compared to the trailing limb, there was no significant relation between leg abduction and
tibial torsion. This may have been partially due to the foot placement of the lead leg in the box
landings, where the foot progression angles remained lower as the participants landed
predominantly on the step off limb. The step-off box landings may not mimic functional single leg
landing mechanics, as initially forecast by the investigation. It appears that further investigation is
warranted to study the effects of tibial torsion on one-legged landings and how they influence

frontal plane leg segment motion.

This investigation is limited in terms of generalizability to all non-contact ACL rupture,

since many ACL injuries do not occur during the landings demonstrated. Hyperextension
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mechanisms, one-footed landings from a greater height, and plant and cut type manoeuvres are
some of the activities where ACL injury occurs and must be investigated and compared to these
results for a better understanding of how tibial torsion may contribute to ACL risk factors. This
investigation also acknowledges the limitation that the controls and cases were not matched with
respect to anthropometrics and exposure to activities (type, intensity and duration) that may have
contributed to their ACL injury. Increased body mass index has been associated with increased risk
of ACL rupture, and the greater time spent in activities known to contribute to ACL injury risk, the
more likely ACL injury occurrence would be. Study design may have also introduced limitations
in the interpretation, most notably dividing the control participants into high torsion and low torsion
groups. This division of the control participants may have resulted in greater differences than if a
single control group had been used. Lastly, manual measurements used in screening, and landmark
identification used in the motion analysis process are subject to observer inconsistencies which may

contribute to error in data interpretation.

4.5 Summary

ACL injured and high torsion participants consistently demonstrated greater medial leg rotation
(or lesser lateral leg rotation) than low torsion participants during the squats and landings in this
investigation. ACL injured and high torsion participants consistently demonstrated lesser internal
ankle plantar flexor net joint moments than low torsion participants during the squats and landings
in this investigation. High torsion participants demonstrated greater leg abduction during the jump
landings than the ACL injured and low torsion participants. The mechanics demonstrated by the

HTT and ACL injured groups were often similar and statistically different from the LTT group.
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This suggests the variation in mechanics is related to a higher magnitude of external tibial torsion,
and not caused by the ACL injury (or surgical intervention). This investigation highlights the
importance of considering the inter- and intra-individual anatomic variation of tibial torsion as a
tangible risk factor when considering non-contact ACL rupture in active women. This study
identifies external tibial torsion as an important influence on the direction of future research in the
area of preventing ACL injuries, or potential reduction of repeated injury risk in an ACL repaired

limb.
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CHAPTER S

General Discussion

5.1 Introduction

This project sought to investigate how an anatomical variation, increased external tibial
torsion, would influence kinematic and kinetic parameters in human three-dimensional motion.
Segment rotations were considered in conjunction with joint rotations, since this analysis may
provide additional detail into the muscular contributions to movement. The author was particularly
interested in non-sagittal plane segment rotations that could be explained by the variation in
external tibial torsion between and within individual participants. The investigation ultimately
undertook the objective to determine whether the kinematics and kinetics commonly reported as

ACL injury risk factors, would be exhibited by participants with greater external tibial torsion.

5.2 Tibial Torsion Influences Non-Sagittal Motion

A challenge in evaluating motion analysis results for segment and joint rotations; and
interpreting the causes of these rotations, is that muscle force vectors may be altered by anatomical
structural variations. One such variation that has been shown to affect lower body motion is tibial
torsion (1-3). Generated by a predominantly distal twisting of the tibia and fibula collective
complex, tibial torsion is often described as the rotational alignment offset in the transverse plane of
the proximal and distal leg (4). Although often evaluated in the presence of patellofemoral
instability (5, 6), overuse injuries (7), and anterior knee pain (8, 9), the effect(s) of tibial torsion in

otherwise healthy individuals is generally underreported. It was predicted from prior research (1,
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10) combined with free body diagram analyses of the expected changes in soleus (and deep
posterior leg) muscle force vectors, that greater external tibial torsion would increase leg lateral
rotation (transverse plane), decrease internal ankle plantar flexor net joint moment, and increase leg
abduction (frontal plane) during dynamic analysis. These altered mechanics were hypothesized to
be mainly a result of the reduction in the posterior directed force of the posterior leg muscles
because of the external tibial torsion. An association between external tibial torsion and the
previously described kinematics has been established in clinical populations (11-13), but had not

been investigated in healthy adults.

An examination of individuals with varying external tibial torsion performing a partial squat
task (Chapter 2) revealed a relation between increasing magnitudes of torsion and non-sagittal plane
motion in otherwise healthy individuals. Men and women with greater external tibial torsion
showed increased lateral rotation of the leg and thigh. However, likely due to the lesser magnitude
of ground reaction forces required for this particular task, frontal plane leg excursion was not
related to varying degrees of tibial torsion. The link between tibial torsion and lateral leg rotation
has been reported (14) in distal tibial de-rotational osteotomy cases, where the leg segment would
actually change its direction of rotation (from lateral to medial) when the external tibial torsion was
surgically altered (decreased). These initial results provided adequate evidence that tibial torsion
influences non-sagittal joint rotations, and supported continuing the investigation in more dynamic
tasks. The investigators felt that tibial torsion should be considered as a structural risk factor that
may predispose individuals to injury-related lower body mechanics. Whereas internal tibial torsion
tends to improve with time, external tibial torsion often worsens as the natural chronological
progression appears to be towards increasing external tibial torsion (6). The ability to compensate

for increased external tibial torsion likely depends on other anatomic variations such as subtalar
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inversion/eversion, or femoral anteversion/retroversion. The initial findings supported further
research investigating tibial torsion in otherwise healthy individuals. More specifically, it was
important to study the influence of tibial torsion on the prospective action of the posterior leg

muscles and their corollary influence on the leg segment during dynamic tasks.

5.3 Tibial torsion and ACL Injury

Approximately 70% of ACL injuries are non-contact, and occur during side cutting
manoeuvres or when landing from a height, such as a jump landing (15). Prevention of these
injuries includes strategies that limit motion between the thigh and leg segments (knee joint) to
protect the various tissues and ligaments from excessive loading. Two key factors in the
stabilization of the knee are lower body muscle strength and muscle recruitment patterns (16).
When considering single-leg landings, the ACL is primarily responsible for limiting anterior tibial
translation if relevant muscles are not able to stabilize the knee (17). Muscles that cross the knee
joint, such as the hamstrings and quadriceps, are known to play a major role in affecting anterior
tibial translation and concomitant ACL strain. Multiple studies have demonstrated that the
quadriceps, due their common insertion on the anterior tibia, may act to increase anterior tibial
translation and ACL strain (18-21). These same reports consider the hamstrings as an ACL agonist,
or muscles that restrict anterior tibial translation due to their posterior tibial insertions, and thereby

assist in reducing tensile ACL stress.

The muscles in the posterior compartment of the leg are also active during these same
activities known to place the ACL at risk, such as cutting manoeuvres and landing from a jump.

Recent investigations have provided evidence which suggests that muscles which stabilize the ankle
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joint(s) may also contribute to knee stability and thereby influence the promotion or prevention of
ACL injuries. Cadaver study by Elias et al. (22) concluded that soleus acts as an agonist, and
gastrocnemius as an antagonist to the ACL. Sherbondy et al. (23) found, through arthrometer and
cadaver specimens, that both soleus and gastrocnemius decreased anterior tibial translation in ACL
injured and healthy knees. Theoretical reports (24) and in vivo experimental studies (25) have
reported gastrocnemius as an ACL antagonist, although other in vitro experiments have suggested
that gastrocnemius activation strains the posterior cruciate ligament (PCL) rather than the ACL
(26). The debate over the effect of gastrocnemius on ACL loading is largely in part to its bi-
articular function at the knee and ankle. The position of the thigh, leg and foot segments will all
contribute to the active or passive insufficiency of gastrocnemius, thereby making interpretations
situation specific and difficult to generalize. Since the soleus muscle does not cross the knee joint,
it has, until recently, been largely ignored as an influential muscle on ACL loading. Although there
is much debate and inconsistency around gastrocnemius’ effect on ACL strain, it is clear that with
the foot planted, the force exerted by the soleus muscle would resist forward rotation of the tibia.
This resistance to anterior tibial translation (relative to the distal femur) would certainly be a
protective mechanism to ACL injuries. The soleus muscle appears to be more important in many
simulations, as its activity begins earlier and continues longer than the gastrocnemius (23). These
observations suggest that the soleus muscle has a significant stabilizing effect on the ACL by
supplying a dynamic posterior force that resists anterior tibial translation. This led us to question
whether anatomic variations that may reduce the effect of the soleus muscle would contribute to an

individual’s risk of ACL injuries more than previously appreciated.

With the understanding that structural and functional parameters at the foot and ankle may

influence risk of ACL injuries by altering knee mechanics, the focus shifted to examining external
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tibial torsion as a possible link between lower body motion and ACL risk factors. The tibial torsion
study in women with and without ACL injury (Chapter 3) demonstrated that ACL injured women
had higher external tibial torsion (19+4 degrees) than uninjured women (12+4 degrees). These
findings were important in identifying a significant association between external tibial torsion and
providing rationale to examine this phenomenon further. Despite the associations previously
reported between external tibial torsion and knee pathologies, minimal research existed on the
actual functional mechanics of individuals with varying magnitudes of external tibial torsion. It
was important to continue the research by comparing lower extremity mechanics between ACL
injured individuals and individuals with healthy ACLs and varying degrees of external tibial

torsion.

5.4 Tibial Torsion Influences Non-Sagittal Motion in Women with ACL Injury

The participant selection at this point of the research was deliberately restricted to women.
Epidemiological studies consistently reveal that women have a higher incidence of non-contact
ACL injuries than men (27). Women also demonstrate greater frontal and transverse plane knee
moments than men during dynamic activities that potentially place the ACL at greater risk of injury
(28, 29). Although these differences in lower extremity motion are proposed to increase the risk of
ACL injury in women (30), much is still unknown about which factors contribute to these high risk
lower body mechanics. High torsion and ACL-injured participants demonstrated key similarities
when compared to low torsion participants during squatting and landing (Chapter 4). Uninjured
participants with low external tibial torsion demonstrate less lateral rotation of the leg, smaller foot

progression angles in two-foot landings, greater ankle plantar flexor moments, and less frontal
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plane leg abduction in two-foot landings. It has been established that external tibial torsion
influences lower body mechanics. Future research is required to corroborate these findings in
simple dynamics tasks, as well as more complex movements that simulate human movement in a

less predictable setting.

5.5 Limitations

Inherent limitation of the present study is that the participants were not classed or grouped
by their anthropometric data or activity levels. The controls and cases (Chapter 4) were not
matched with respect to their size (height and mass) or their specific exposure to modes and
methods of physical activity (frequency, intensity, duration and type), although inclusion criteria
did require that participants were engaged in moderate to active physical activity levels through
sport or recreation. Since these factors contribute to ACL injury risk, the study is limited in its
findings. Future studies should attempt to group participants based on similar anthropometrics and

physical activity exposure, or provide stricter guidelines on potential inclusion criteria.

Another limitation to the current dissertation is that the investigations included various
types of non-contact ACL rupture mechanisms (Chapters 3 and 4), but only examined the
mechanics during squatting, two-foot landings, and controlled step off landing protocols. ACL
rupture is not restricted to these tasks, and may include hyperextension scenarios, one-footed
landings from various heights, or most notably, change of direction manoeuvres, which were not
part of the investigation. The current dissertation also restricted post-operative participant inclusion
to hamstring graft reconstruction (Chapter 4). Even within hamstring graft patients, the

reconstruction techniques not only differ by their fixation devices, but also have considerable
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differences with respect to fixation methods and graft configuration (31). Future research must
consider the type of reconstruction as a potentially influential factor in post-operative functional

performance.

Disruption of the ACL results in not only a mechanical disturbance, but also a loss of joint
sensation. This deficit is often reported to be caused by a deafferentation of peripheral
mechanoreceptors (sensory receptors) (32, 33). This deafferentation may alter reflex pathways to
muscle and higher motor centres (34). Disrupted pathways would likely contribute to altered
muscle activity post-ACL injury. It is estimated that one-third of ACL-deficient individuals have
innate compensatory mechanisms that would present as remarkably different sequelae of muscle
activity compared to their muscle activation before the injury (35). This dissertation did not
consider these mechanisms when analyzing the lower body motion of ACL-reconstructed
participants. Future research is required to consider these disruptions in the selection of

participants and the methods of data collection.

A potential limitation which has not been discussed is with regards to the tasks chosen for
the participants (Chapters 2 and 4). Participants’ normal foot placement was constrained in the
squat task in an effort to standardize the protocol. This constraint may have contributed to error in
interpretation of the data, since there is no way of knowing the level of constraint based on each
individual. During the two-foot jump landings, the arm motion was partially constrained, but the
participants were permitted to use a slight counter movement. This lack of specific protocol may
have contributed to error in interpretation of the data, since the counter movement can affect the

height jumped and the subsequent forces required in landing.

Furthermore, it is important to note that the current dissertation incorporated manual

measurements in the screening process (Chapter 3) and landmark identification in the motion
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analysis process (Chapters 2,3 and 4). High between day reliability of joint and segment angles has
been established in our laboratory (1-3 degrees) during the squatting task used in this project, but

these methods are subject to observer bias and inconsistencies that may affect the data.

To further assist in adequately addressing limitations, the following quality appraisal

checklist was considered for the final study in the project:

1. Is the objective of the study clearly stated?

2. Are the characteristics of the participants included in the study described?

3. Are the eligibility criteria (inclusion and exclusion criteria) for entry into the study explicit
and appropriate?

4. Are the recruitment criteria for the study appropriate?

5. Was the study adequately powered?

6. Did case participants enter the study at a similar point in the disease/recovery?

7. Are the measurements clearly defined in the introduction or methods section?

8. Were relevant outcomes appropriately measured with objective and /or subjective methods?

9. Were the statistical tests used to assess the relevant outcomes appropriate?

10. Are the conclusions of the study supported by the results?

The objective of the study is explicitly stated in the introduction and the rationale of the
study is clear. Throughout the project, the characteristics of the participants is clearly described and
consistently included in the methodology. Eligibility criteria are clearly outlined in the
methodology and are appropriate for the aim of the study. The methods of participant recruitment
are appropriate, although the limited placement of recruitment flyers may affect generalizability of
the data. The study exceeds minimum power requirements, which improves the ability of the study

to detect actual differences between the groups. It is unknown whether case participants (ACL
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injured) were entering the study at a similar point in their recovery. Although inclusion criteria
required that participants were a minimum of six months post-operative, the exact length of time
since surgery was not reported. This presents a limitation, since recovery protocol and duration
may alter the mechanics of the individual. All measurements are clearly defined in the
methodology, and are explicit and repeatable based on the information given. Relevant outcomes
were appropriately measured with reliable and valid methods that limited subjectivity throughout
data collection and extraction. Statistical testing was appropriate for the outcomes measured. As
mentioned, the sub-grouping of the control participants may have limited the study based on the
statistical tests used to assess differences. The conclusions of the study are supported by the results

presented.

5.6 Practical Applications and Future Directions

External tibial torsion must be considered when discussing differences in lower body
kinematics, kinetics and ACL injury. Increasing magnitudes of external tibial torsion may alter the
loading on the supportive tissues and ligaments of the lower body, and may alter the functionality
of the leg muscles, such as soleus, in particular. This dissertation examined the sagittal and non-
sagittal segmental contributions to joint motion in participants with and without ACL injury, and
with varying degrees of external tibial torsion. These results suggest there are similarities between
ACL injury risk factors and certain kinematics that are linked to individuals who demonstrate
greater external tibial torsion. Further research is warranted to examine tibial torsion and the

influence of individual anthropometrics, mechanism of ACL injury, graft type, proprioception, and
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conditioning protocols on the pre- and post-injury muscle activity in a variety of functional

dynamic tasks.
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