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Abstract

Women have higher rates of noncontact musculoskeletal injuries compared to men, as
well as at certain times in their menstrual cycles compared to others. The purpose of this study
was two-fold: 1) to examine the neuromuscular activation patterns of trunk musculature between
men and women and ii) within women at different times in their menstrual cycle, during the
trunk stability test (TST). The TST is a dynamic lower limb exercise that challenged the trunk
musculature to maintain lumbopelvic stability. Surface electromyograms for 24 muscle sites and
three-dimensional pelvic motion data were collected during the TST for 18 male and 19 female
subjects, as well as for nine female subjects at different times in their menstrual cycles. Through
analysis of amplitude and temporal characteristics of the EMG waveforms it was determined that
women respond to the TST task with a less coordinated response than men, mainly relying on
more co-activation. It was further determined that women have differences in their

neuromuscular control patterns during the TST at different points in their menstrual cycle.
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Chapter 1: Introduction

Evidence suggests that women may be at a higher risk of a wide range of musculoskeletal
injuries when compared to men. For example, it has been shown that women have a higher
incidence of low back injuries (Feuerstein, Berkowitz, & Peck, 1997; Krause et al., 1997,
Schneider, Schmitt, Zoller, & Schiltenwolf, 2005; Schneider, Randoll, & Buchner, 2006).
Female athletes have also been shown to suffer noncontact anterior cruciate ligament (ACL)
injuries at a rate 2-8 times higher than male athletes (Arendt & Dick, 1995; Arendt, Agel, &
Dick, 1999; Harmon & Ireland, 2000; Hewett, Zazulak, & Myer, 2007; Wojtys, Huston,
Lindenfeld, Hewett, & Greenfield, 1998). Many researchers have investigated a wide range of

factors to explain these differences, but a clear explanation does not exist.

Hormone fluctuations in females have been identified as placing women at higher risks of
injuries at certain times during the menstrual cycles. Women have been shown to be more likely
to injure their ACL during the pre-ovulatory phase of the menstrual cycle (Hewett et al., 2007;
Shultz et al., 2010). But, no work has been published examining if menstrual cycle phase has an
effect on prevalence of back injuries in women. Due to the presence of estrogen receptors on
passive musculoskeletal structures in the body (Liu et al., 1996), it was first hypothesized that
fluctuating estrogen levels might have an effect on the mechanical properties of tendons and
ligaments in the body. Long term exposure to heightened estrogen levels has been shown to
significantly decrease the collagen density of passive tissue structures (Lee et al., 2004; Liu et
al., 1996; Miller et al., 2007), decreasing the stiffness of the structures and decreasing the
stability of the joint. However short term fluctuations, such as over the course of the menstrual
cycle, have a less clear effect. Reports in the literature of the effects of the estrogen fluctuations

over the menstrual cycle on passive joint restraints are equivocal, with nearly equal numbers of
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studies finding no direct association (Arnold, Van Bell, Rogers, & Cooney, 2002; Beynnon et al.,
2005; Bryant et al., 2008; Karageanes, Blackburn, & Vangelos, 2000; Lovering & Romani,
2005; Miller et al., 2007; Romani, Patrie, Curl, & Flaws, 2003; Van Lunen, Roberts, Branch, &
Dowling, 2003; Warden, Saxon, Castillo, & Turner, 2006) as finding a direct association (Deie,
Sakamaki, Sumen, Urabe, & Ikuta, 2002; Eiling, Bryant, Peterson, Murphy, & Hohmann, 2007,
Heitz, Eisenman, Beck, & Walker, 1999; Romani, Curl, & Lovering, 2001; Shultz, Kirk,

Johnson, Sander, & Perrin, 2004).

Other researchers have begun investigating the possibility that the fluctuating sex
hormones over the course of the menstrual cycle may have more of an effect on active joint
stabilizers (muscles) and/or neuromuscular control. Estrogen receptors have been identified on
skeletal muscles (Lemoine et al., 2003; Wilk et al., 2005), providing a plausible mechanism for
how sex hormones may affect their properties. Neuromuscular control differences, assessed
through electromyography and kinematic changes, in lower limb musculature, have been
identified between men and women (Ford, Myer, & Hewett, 2003; Hewett, Myer, & Ford, 2004;
Landry, McKean, Hubley-Kozey, Stanish, & Deluzio, 2009) during athletic jumping and cutting
manoeuvers similar to the manoeuvers which most commonly lead to non-contact ACL injuries
(Noyes, Mooar, Matthews, & Butler, 1983). While a number of factors may be at work, they
could be influenced by the disparity in sex hormone levels. Limited work has been done to
examine whether acute changes in sex hormones, such as over the course of a menstrual cycle,
can have altering effects on a women’s neuromuscular control strategies. Friden and colleagues
(Friden et al., 2003; Friden et al., 2005) looked at the changes in women’s postural control over
the different phases of the menstrual cycle and found that some women show higher levels of

postural sway in the mid-luteal phase of their cycle. Furthermore, Dedrick et al., 2006, found



muscle onset time changes over the course of the menstrual cycle. They hypothesized that these
changes would affect joint muscle co-contraction altering joint stiffness, which in turn can affect

the injury susceptibility of a joint.

While the majority of the work has focused on the lower limb, in particular the knee joint,
the trunk is a portion of the body that requires intricate neuromuscular control and coordination
of a large series of muscles (Brown, Vera-Garcia, & McGill, 2006; Cholewicki & McGill, 1996;
Granata & Orishimo, 2001). The spine is made up of 24 separate articulating vertebrae all of
which can move in 6 degrees of freedom relative to each other (three translational:
anterior/posterior, medial/lateral and caudal/dorsal; and three rotational: flexion/extension, lateral
flexion/extension and axial rotation) (Bergmark, 1989; McGill, 1999). Theoretical and modelling
work show that even one muscle responding incorrectly could disrupt spinal stability and lead to
low back injury (McGill, 1999). The effect of fluctuations in estrogen levels over the female

menstrual cycle on neuromuscular control of the trunk has not been investigated.

Differences between men and women in how they control their trunk musculature during
a variety of tasks has been investigated (Granata & Orishimo, 2001; Granata, Orishimo, &
Sanford, 2001; Hubley-Kozey, Butler, & Kozey, 2011; Kellis, Arabatzi, & Papadopoulos, 2003;
Marras, Davis, & Jorgensen, 2003). Higher levels of co-activation, defined as the simultaneous
activity of various muscles acting around the same joint (Kellis et al., 2003), have been identified
in women’s trunk musculature compared to men’s. Some studies found that women only showed
higher antagonist co-activation in the trunk (Granata et al., 2001; Granata et al., 2001; Hubley-
Kozey et al., 2011) while others found that women exhibited both higher agonist and antagonist
co-activation compared to men (Anders, Brose, Hofmann, & Scholle, 2007; Marras et al., 2003).

In all the studies listed the agonist muscles were the back extensors and the antagonist muscles



were the abdominals. This difference cannot be simply explained by a strength difference
between the sexes, since differences still existed between the sexes even when loads were
adjusted to each individual’s strength (Da Silva, Lariviere, Arsenault, Nadeau, & Plamondon,
2009; Granata et al., 2001). Instead it is thought to represent a compensatory mechanism in
women to make up for their reduced passive stiffness compared to men (Hsu, Fisk, Yamamoto,
Debski, & Woo, 2006; Markolf, Graff-Radford, & Amstutz, 1978; McGill, Seguin, & Bennett,
1994; Shultz et al., 2007). Co-activation can provide active stiffness to the joint to improve its
overall stability (Cholewicki, Panjabi, & Khachatryan, 1998), however it also increases the

overall loading on the joint (Granata & Marras, 1995; Thelen, Schultz, & Ashton-Miller, 1995).

When performing dynamic tasks, temporal coordination of trunk musculature is
considered important for maintaining stability (McGill, 1999). With the exception of the Hubley-
Kozey 2011 paper, all of the papers mentioned that address sex differences in neuromuscular
control of the trunk use only discrete measures, such as RMS (root mean squared) amplitudes, to
perform their assessments. Using only a discrete measure of EMG waveforms to assess a
dynamic task has limitations as no information can be gathered about temporal coordination of
the musculature. Hubley-Kozey et al., 2011, employed pattern recognition techniques (explained
in more detail in following chapters) to compare the temporal EMG responses of 24 trunk
muscle sites between men and women during controlled lifting tasks (Hubley-Kozey et al.,
2011). They demonstrated that women had more temporal asynchronies among ipsilateral back
and abdominal muscle sites compared to men. Thus our understanding of temporal synchronies
in trunk muscular activation patterns of men and women is limited. In addition, as mentioned
above, none of the work on sex differences in trunk neuromuscular control has examined tasks

where the abdominal muscles act as agonists. The abdominals have been shown to play a critical



role in the development and treatment of low back pain (Bergmark, 1989; Ferreira, Ferreira, &
Hodges, 2004; Gardner-Morse & Stokes, 1998; McGill, Grenier, Kavcic, & Cholewicki, 2003),
and thus there is a need to examine how abdominal muscle control is effected by sex as well as

by alterations over the course of the menstrual cycle.

The present study examined the amplitude and temporal characteristics of neuromuscular
activation patterns of the trunk during a dynamic stability exercise that challenged the
abdominals. The task examined was the trunk stability test (TST) which is a dynamic leg lifting
exercise which focuses on maintaining the spine in a neutral position as well as producing
coordinated coactivity among muscle sites to sustain lumbopelvic stability (Clarke-Davidson &
Hubley-Kozey, 2005). Lumbopelvic stability involves minimizing pelvic and lumbar motion by
engaging the trunk musculature in the proper sequence. Differences were found in muscle EMG
activation amplitudes (Hubley-Kozey & Vezina, 2002; Vezina & Hubley-Kozey, 2000) and
temporal EMG patterns (Hubley-Kozey & Vezina, 2002) during the TST between healthy
individuals and those with low back pain. Furthermore temporal pattern differences were found
with aging (Hubley-Kozey, Hanada, Gordon, Kozey, & McKeon, 2009) and for those defined as
stable and unstable (Hubley-Kozey, Hatfield, & Davidson, 2010). However no work has been
done assessing whether or not men and women have different amplitude or temporal EMG
pattern during the TST or whether women at different points in their menstrual cycle have
different responses to the task.

1.1 Purpose

The purpose of this study was to investigate whether amplitude and temporal

characteristics of neuromuscular activation patterns of the trunk musculature were affected by

sex and menstrual cycle phase during a dynamic stability task that challenged mainly the



abdominals to maintain lumbopelvic stability. Findings could help provide an explanation for the
differences in injury rates seen between men and women as well as within women at different

points in their menstrual cycles.

1.2 Study Objectives

1.2.1 Objective 1

The first study objective was to compare the amplitudes of EMG activity as well as the
temporal EMG characteristics between men and women during a dynamic stability exercise, the

TST.

1.2.2 Objective 2

The second objective was to examine the amplitudes of EMG activity as well as the
temporal EMG characteristics during a dynamic stability exercise, the TST, performed at two
different times in the menstrual cycle, once during the follicular phase, when estrogen levels are
at their lowest point, and once during the ovulation phase, when estrogen levels are at their

highest.

1.3 Hypothesis

1.3.1 Hypothesis 1

It was hypothesized that women would show higher overall EMG amplitudes and more
agonist and antagonist co-activation than men during the TST. It was also hypothesized that
women would perform the task with more temporal asynchronies between activation profiles of

different muscles.



1.3.2 Hypothesis 2

Due to fluctuating sex hormone levels it was hypothesized that women would experience
changes in the neuromuscular activation patterns of their trunk musculature over the course of
their menstrual cycle. It is hypothesized that on the test day where their estrogen levels are
highest women will have increased agonist and antagonist co-activation and increased temporal
asynchronies between activation patterns of different muscles during the TST consistent with
patterns reported for a group that was unable to maintain lumbopelvic stability (Hubley-Kozey et
al., 2010).

1.4 Assumptions
The assumptions of this study are:

- That minimal movement will occur between the electrodes and the skin during the EMG
recordings.

- The same electrode placement will be used and hence the same motor units will be
sampled on each occasion.

- That no significant learning effect will occur between trials as well as between test
sessions (controlled using familiarization sessions and practice trials).

- That fatigue will not be present during the testing.

- That the subjects are able to exert their maximal voluntary isometric contraction during

the normalization exercises.



Chapter 2: Literature Review

2.1 Musculoskeletal injuries and sex
Two joints with inherent instability are the spine and the knee as they rely on soft tissue

for stability rather than boney articulations. Low back pain is one of the most prevalent health
concerns affecting our society. Over a one month period 28.5% of the adult population will
report low back pain (Macfarlane et al., 2011) and over a 3 year period that prevalence increases
to 67% of the population reporting low back pain (Jarvik et al., 2005). Overall low back pain
puts a huge demand on health services and leads to a significant amount of work absenteeism.
Unfortunately the situation is getting worse. The prevalence of impairing chronic low back pain
increased from 3.9% in 1992 to 10.2% in 2006 (Freburger et al., 2009). This rise will continue if
more attention is not given to the growing problem of low back pain. As mentioned in the
introduction, women have been shown to have a higher incidence of low back disorders than
men (Feuerstein et al., 1997; Krause et al., 1997; Schneider et al., 2005; Schneider et al., 2006).
Low back disorders are complex and can be a result of a wide range of pathologies ranging from
disk problems such as degenerated discs, stress fractures in the vertebrae, and strains or sprains
of the ligamentous and muscular tissue surrounding the spine. However, 80-90% of low back
disorders are said to originate as a result of minor mechanical alterations instead of traumatic
injuries (Cohen, Argoff, & Carragee, 2008). According to McGill, low back injuries are usually
the result of long term loading, which gradually, but progressively, reduces the tolerance of the
tissues to withstand perturbations (McGill, 1998). The exact cause of most back pain remains
unproven and the difference in incidence rates between men and women has not been well

examined or explained.

A large portion of the work in sex specific injuries has been directed at attempting to

explain the difference in incidence in ACL injury. Although the sports in which ACL injuries
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occur most often (soccer, basketball, lacrosse, field hockey) do involve some level of player-to-
player contact, the ACL injuries themselves are often noncontact injuries that result from landing
from a jump, decelerating quickly and/or rapidly changing direction (Arendt et al., 1999; Olsen,
Myklebust, Engebretsen, & Bahr, 2004). These movements put higher loads on the joints than
those experienced during straight running. A non-contact mechanism is the most common
mechanism leading to ACL injury (Renstrom et al., 2008) and the conditions that lead to non-
contact ACL injuries are experienced by both men and women. The fact that women have a 2-8
times higher incidence of ACL injuries (Arendt & Dick, 1995; Arendt et al., 1999; Harmon &
Ireland, 2000; Hewett et al., 2007; Wojtys et al., 1998) has yet to be fully explained.
2.2 Defining instability — Panjabi’s model

A large culprit in the injury process in both the back and the knee is instability. In the
trunk, spinal instability is said to be controlled by three main subsystems which work together to
allow spinal motion, carry loads and protect the spinal cord and nerves (Panjabi, 1992). Before
addressing these three subsystems it is important to first define spinal instability. At present the
most commonly used definition of spinal instability is: “a significant decrease in the capacity of
the stabilizing system of the spine to maintain the intervertebral neutral zones within the
physiological limits so that there is no neurological dysfunction, no major deformity, and no
incapacitating pain” (Panjabi, 1992). The three main subsystems which make up the stabilizing
system of the spine are: (1) the “passive” subsystem, which includes the vertebrae, facet
articulations, intervertebral discs, spinal ligaments, and joint capsules as well as the passive
mechanical properties of the muscles, (2) the active musculoskeletal subsystem, which consists
of the muscles and tendons and (3) the neural and feedback system, which consists of the various

force and motion transducers in the ligaments, tendons and muscles, and the neural control



centers (Panjabi, 1992). Instability in the spine could result from a deficit in any one or any
combination of the three subsystems. The passive subsystem develops passive resistance at the
end of movement, however in the lumbar spine its load-carrying capacity (90 N) (Crisco &
Panjabi, 1991) is insignificant relative to the capacity of the active subsystem, which can provide

mechanical stability for loads exceeding 1500 N (Nachemson & Morris, 1964).

The active subsystem is made up of the muscles and tendons that contribute to spinal
stability. These muscles include the rectus abdominus, the transverse abdominus, the internal
obliques, the external obliques, the erector spinae, the quadratus lumborum and the multifidus.
Each of these muscles contributes in its own way to spinal stability. The rectus abdominus and
erector spinae muscles are the main agonists controlling flexion and extension of the trunk
respectively. The transverse abdominus plays an essential role in spinal stability by acting as a
muscular corset, increasing tension in the thoracolumbar fascia as well as increasing intra-
abdominal pressure (Hodges, 1999). The transverse abdominus muscle activity is difficult to
measure with anything other than indwelling fine-wire EMG electrodes. The internal oblique,
especially the inferior fibers, seem to have a synergistic function to the transverse abdominus
muscle (Hodges & Richardson, 1999; Urquhart, Hodges, Allen, & Story, 2005) and therefore can
be used as a surrogate measure, which can be successfully recorded using surface EMG. The
external obliques stabilize the spine by controlling twisting and rotations of the trunk (McGill,
1991; Mori, 2004). The quadratus lumborum is an excellent stabilizer of the lumbar vertebrae
since it attaches each transverse process to the more rigid structures of the pelvis and rib cage,
creating a bilateral support for each vertebrae (Liebenson, 2000). The multifidus is the largest
and most medial of the lumbar paraspinal muscles and contributes two thirds of the active

stiffness at the L4-L5 junction (Wilke, Wolf, Claes, Arand, & Wiesend, 1995). Theoretical and
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modelling work show that corruption in the behavior of any of these muscles can be enough to
disrupt spinal stability and lead to injury (Cholewicki & VanVliet, 2002; Kavcic, Grenier, &

McGill, 2004; McGill et al., 2003).

The neuromuscular subsystem is probably the most complex of the three subsystems. It
perceives the proprioceptive signals from peripheral receptors including mechanoreceptors and
pain receptors found in passive and active tissues, calculates the needs and, finally, produces and
coordinates activation of the stabilizer muscles. Impairment in the neuromuscular control system
can begin with mechanoreceptors. These can be disrupted or injured which causes them to
produce corrupted transducer signals describing position, motion and loads. The neuromuscular
control units, which respond to the transducer signals from mechanoreceptors, will be affected
and will respond with corrupted muscle response patterns (Panjabi, 2006). Corrupted muscle
response patterns can change which muscles are activated as well as individual muscle activation
factors such as force onset, intensity and shut-off (Panjabi, 2006). Disrupted muscle control
patterns can produce high stresses and strains on joint tissue and lead to pain and

musculoskeletal injury (Panjabi, 2006).

This concept of stability-providing subsystems can easily be applied to joints other than
the spine. For example, at the knee the ACL provides 86% of the static resistance to pure anterior
tibial translation, representing a contribution to knee stability from the passive musculoskeletal
subsystem (Butler, Noyes, & Grood, 1980). Research has also shown the importance of muscular
activation around the knee, particularly from the hamstrings, in improving knee stability, which
represents a contribution from the active musculoskeletal and neural subsystems (Goldfuss,
Morehouse, & LeVeau, 1973; Hagood, Solomonow, Baratta, Zhou, & D'Ambrosia, 1990;

Hirokawa, Solomonow, Luo, Lu, & D'Ambrosia, 1991; Markolf, Mensch, & Amstutz, 1976;
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Markolf et al., 1978). Early work by Goldfuss et al., 1973, reported a 48% increase in the
stiffness of the medial side of the knee with contraction of the quadriceps and hamstring muscles
and Markolf et al., 1976, used athletes to demonstrate a 10 fold increase in knee joint stiffness
with muscle contraction. In the trunk the role of the musculature in stiffening the spine is
especially critical as the passive structures of the spine provide even less stability than in the
knee. As mentioned above, the osteoligamentous spine (spine with all non-passive tissues
removed) can only withstand loads up to 90N (about 20 1bs), which means that without
contribution from the surrounding musculature the human spine could not even support the
weight of an individual’s upper body.
2.3 Electromyography and the action potential

Changes in the active and neuromuscular subsystems can be monitored using
electromyography (EMG). Electromyography monitors myoelectric signals produced in muscles
with electrodes placed either over or inside a muscle. As a muscle is activated it generates action
potentials which flow through the muscular tissues producing voltage gradients which can be
recorded as the myoelectric signal. For researchers this signal is a useful method by which the
mechanical contribution of muscles to gross anatomical movements can be estimated. The
relationship between EMG and muscle force has been extensively studied during both isometric
and dynamic contractions. During isometric contractions the EMG-muscle force relationship has
been reported to be linear (Bouisset & Goubel, 1971; Moritani & deVries, 1978) or slightly non-
linear (Heckathorne & Childress, 1981; Woods & Bigland-Ritchie, 1983). During dynamic
contractions the relationship is more complicated as change in muscle force has been shown to
be dependent on change in muscle fiber length (Gordon, Huxley, & Julian, 1966) and fiber

velocity (Edman, 1978; Edman, 1979). Different models have been developed to estimate muscle
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force based on EMG data (Buchanan, Lloyd, Manal, & Besier, 2004; Buchanan, Lloyd, Manal,

& Besier, 2005; McGill, 1991).

Though the signals collected using EMG are not directly proportional to the tension and
displacement generated by individual muscles, EMG signals provide valuable knowledge about
strategies used by the central nervous system to control the musculature. EMG can be recorded
with minimal interference to the movement in progress and from a large number of muscles
simultaneously without significantly impacting the behavior of the system (Loeb & Gans, 1986).
The process of muscular contraction and eventual movement begins in the frontal motor cortex
of the brain where impulses from large neural cells, called motorneurons, travel downwards
through the corticospinal tract in the spinal cord and out towards peripheral muscles. The
impulses generated by the neural cells are called action potentials and are a result of a voltage
depolarization-repolarization phenomenon that occurs across the neural cell membrane. The
membranes’ resting ionic potential is disrupted by a surrounding stimulus which allows sodium
ions to briefly rush into the cell causing the membrane potential to spike and become positive.
An active transport mechanism, called a sodium-potassium pump, quickly begins to pump
sodium ions out of the cell, returning the membrane potential back to resting. This ion transfer
sequence which makes up the action potential lasts about 1ms and stimulates a succession of
similar events in a wave that eventually reaches the muscle tissue at the end of the nerve cell.
When the impulse reaches the muscle it continues along the muscle tissue as a motor unit action
potential (Kutz, 2009). A single fiber does not act alone; instead one motor neuron can have
branches to several different muscle fibers which act together. All together the neuron and the

fibers that it connects to are referred to as a motor unit.
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The motor unit action potential generated in the muscle fiber causes the release of
calcium ions within the fiber. The presence of calcium fibers allows the formation of cross
bridges between actin and myosin filaments which make up the muscle fibers. The actin
filaments slide inwards along the myosin filaments, causing the muscle fiber to contract (Kutz,
2009). The electromyogram measures the summation of all motor unit action potentials in a
given location. Given the link between number of motor units firing and number of muscle fibers
contracting, the electromyogram represents the overall strength and timing of a muscular

contraction.

2.4 Sex differences in the stabilizing subsystems

2.4.1 Sex differences in the passive stabilizing subsystem

Since the three stabilizing subsystems play such an important role in the injury process, it
is likely that the explanation for the disparity seen between male and female injury incidence can
be found in differences between the sexes in one or a combination of these subsystems. Clear sex
differences have been demonstrated in the passive subsystem. Women exhibit decreased tendon
and ligament stiffness compared to men (Hsu et al., 2006; Markolf et al., 1978; Shultz et al.,
2007). It has been suggested that decreased tendon stiffness will decrease the overall stability of
a joint, therefore increasing the risk of musculoskeletal injury at that joint (Granata, Padua, &
Wilson, 2002; Granata, Wilson, & Padua, 2002; Markolf et al., 1976). This results in women
having less stable joints and higher risks of musculoskeletal injuries compared to men (Arendt &
Dick, 1995; Arendt et al., 1999; Feuerstein et al., 1997; Harmon & Ireland, 2000; Hewett et al.,
2007; Krause et al., 1997; Schneider et al., 2005; Schneider et al., 2006; Wojtys et al., 1998). It
is suggested that this may occur due to the effects sex hormones have on the passive joint

restraints (tendons and ligaments), since men and women physiologically have very different
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concentrations of the main sex hormones: estrogen, progesterone and testosterone (Tortora &

Anagnostakos, 1987).

Estrogen and progesterone receptors have been identified on the fibroblasts of the human
ACL (Liu et al., 1996) which leads to the belief that these hormones may have a direct influence
on the ligamentous tissue. Progesterone has been observed to have no effect on soft tissue
properties (Bell et al., 2011). Early studies using rats demonstrated that the administration of
estrogen resulted in a decrease in both total collagen and collagen synthesis rates in rat tendons
and fascia (Dyer, Sodek, & Heersche, 1980; Fischer, 1973). Estrogen has been shown to
attenuate fibroblast activity, decreasing tendon collagen density (Lee et al., 2004) and synthesis
rate in humans (Liu et al., 1996; Miller et al., 2007). Collagen is produced by fibroblasts and is
responsible for the major load-bearing of the ACL (Smith, Livesay, & Woo, 1993), therefore a
reduction in its density or synthesis rate would seriously impact the stability of the knee joint by
reducing the mechanical strength of the tissue. Lee et al., 2004, demonstrated that in an estrogen-
free environment mechanical loading of ACL fibroblasts resulted in an increased production of
type 1 collagen mRNA; whereas, when estrogen was added to the environment the increase of
type 1 collagen in response to loading was lessened. In the original study in 1997 by Liu et al. it
was demonstrated that in fibroblasts treated for 2 weeks with physiological estradiol, the most
common estrogen, concentrations of 0.025ng/ml showed collagen synthesis rates which were
only 60% that of control fibroblasts in an estradiol-free environment. This would indicate that
higher estrogen levels cause a decrease in collagen concentrations and an overall decrease in
tendon/ligament stiffness. This explains why women, with their increased levels of estrogen,
exhibit decreased tendon and ligament stiffness when compared to men (Hsu et al., 2006;

Markolf et al., 1978; Shultz et al., 2007). In the trunk specifically, McGill, Segiun and Bennett,
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1994, demonstrated that women have a reduced level of passive stiffness in their lumbar torsos in
multiple directions of movement compared to men (McGill et al., 1994). Although differences in
passive tissue properties between men and women offer a partial explanation for the discrepancy
seen in injury rates between the sexes, they are likely not the sole cause of these differences,
especially in the trunk since, as has been mentioned previously, the passive system has a very

small load bearing capacity.

2.4.2 Sex differences in the active stabilizing subsystem

Recent work has reported the presences of alpha and beta estrogen receptors in skeletal
muscles (Lemoine et al., 2003; Wilk et al., 2005), providing a plausible tissue-based explanation
for how sex differences in estrogen levels can influence the active subsystem. Sex differences in
the rate of muscle force production have been documented. In general women require more time
than men to produce the same relative muscle force level (Bell & Jacobs, 1986; Hakkinen, 1991;
Huston & Wojtys, 1996; Winter & Brookes, 1991). Winters et al., 1991, suggested that the lower
rate of force development in women may be a result of structural differences in the elastic
components of their muscles, which could be caused by the discrepancy in estrogen levels
between the sexes. Sex-based studies have also demonstrated that women have smaller tendon
cross-sectional areas (Pichler et al., 2008), different muscle fiber type composition (Thorstensson
& Carlson, 1987) and therefore less muscle strength compared to men. Women have been shown
to have about 60% of the absolute torque production capacity of men (Linde et al., 1997; Sale,

MacDougall, Always & Sutton, 1987).

2.4.3 Sex differences in the neural and feedback stabilizing subsystem

Differences in how men and women control their musculature have also been identified.

Hewett et al., 2004, evaluated neuromuscular control strategies during landing both before and
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after puberty in both men and women. Up until puberty men and women have similar sex
hormone levels. Alterations in hormone levels, especially estrogen levels, are one of the primary
changes that occur over the course of puberty (Sizonenko, 1978). Preceding puberty, men and
women showed no differences in knee kinematics, inferring no differences in neuromuscular
control patterns (Hewett et al., 2004). After puberty women appeared to show a change in their
neuromuscular control pattern during landing resulting in an increased knee valgus alignment
that places the ACL at a greater risk of injury (Ford et al., 2003; Hewett et al., 2004; Hewett &
Myer, 2011). Women also exhibited increased rectus femoris activity and altered kinematic
profiles during the early stance phase of an unanticipated cutting maneuver compared to men
(Landry et al., 2009). Huston et al., 1996, also demonstrated that women use different muscle
recruitment strategies than men. Women relied on their gastrocnemius and quadriceps to resist
anterior tibial translation whereas men relied more on their hamstrings (Huston & Wojtys, 1996).
These studies indicate that there are differences in neuromuscular control between men and
women and these differences could help explain the higher incidence of musculoskeletal injuries

seen in women.

2.5 Sex differences in trunk neuromuscular control

Examining trunk muscle control is important because not only can it help explain causes
of low back pain, but it can also help explain causes of other injuries such as falls or lower limb
musculoskeletal injuries. The trunk is the largest segment in the body and the location of the
trunk center of mass affects the moments and forces on the lower limbs as well as body stability
as a whole. Variability in trunk kinematics is thought to be associated with the decrease in
stability while moving and increase in falls seen with age (Grabiner et al., 2008; Hurt,

Rosenblatt, Crenshaw, & Grabiner, 2010; Menz, Lord, & Fitzpatrick, 2003). Deficits in
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neuromuscular control of the trunk can lead to uncontrolled lateral trunk motion that may also
increase knee abduction motion and torque through mechanical (lateral GRF motion) and
neuromuscular (increased hip adductor torque) mechanisms (Hewett et al., 2005; Hewett, Myer,
& Ford, 2005). Either or both of these mechanisms may increase strain on the ACL and lead to

injury.

Granata and Orishimo, 2001, reported differences between the sexes in co-activation of
the abdominals during a static trunk extension effort (Granata et al., 2001; Granata et al., 2001) .
Muscle co-activation is defined as the simultaneous activity of various muscles acting around the
same joint (Kellis et al., 2003). In the trunk co-activation increases joint stability and protects
against damaging movement following perturbations (Gardner-Morse & Stokes, 1998). Higher
mean normalized EMG amplitude values in the rectus abdominus and external obliques in
women than men indicated that women recruited 32% more abdominal co-activation than men
(Granata & Orishimo, 2001). Granata, Orishimo and Sanford, 2001, added to this finding,
reporting that women also demonstrated increased back extensor muscle co-activation following
static fatiguing exertions. Marras et al., 2003, also reported a higher level of abdominal co-
activation in women compared to men during a dynamic lifting task and Anders et al., 2007,
reported a higher level of co-activation in women compared to men in all trunk musculature
measured (both abdominals and back extensors) during a whole body tilt. Other researchers,
however, have found that in some situations men and women do not differ in their levels of co-
activation (Nelson-Wong & Callaghan, 2010). Nelson-Wong and Callaghan, 2010, evaluated co-
activation patterns over two hours of standing and found no differences between men and
women. Their findings likely differed from previous studies because the intensity of their task

investigated (standing) was significantly lower than the other tasks evaluated (static and dynamic
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fatiguing exertions). For the sex differences in co-activation to become evident it seems a certain

minimum level of demand on the musculature needs to be met.

All four studies mentioned above further support that women have reduced passive
stability compared to men. By Panjabi’s model, when one of the three main stability-providing
subsystems is disadvantaged the other subsystems must increase their contribution to maintain
the overall stability of the joint (Panjabi, 1992). Therefore the consequence of reduced passive
stability is a higher demand on the musculature to compensate and produce stability through co-
activation (active stability). Co-activation of muscles around a joint will help increase that joint’s
active stiffness (Cholewicki, Juluru, Radebold, Panjabi, & McGill, 1999) which in turn will
improve the joint stability (Cholewicki et al., 1998). It is also argued that the co-activation of
trunk musculature may be needed to account for the muscular strength differences between sexes
(Mannion et al., 1997; Marras, Jorgensen, Granata, & Wiand, 2001). However differences
between sexes still existed in back extensor activation amplitudes when tasks are adjusted to the
individual’s strength (Da Silva et al., 2009; Granata et al., 2001). A reduced level of passive
stiffness would explain the necessity of higher levels of co-activation in women as compared to

men.

The improved stability in the trunk generated by co-activation of the surrounding
musculature comes at a cost. Co-activation of trunk musculature increases lumbar spine loads
(Granata & Marras, 1995; Thelen et al., 1995). Muscles pull on their respective insertions and
origins to generate trunk moments and therefore muscles that cross, insert on or originate from
the lumbar spine can load it in compression and shear. A greater number of active agonist and
antagonist muscles, that is, increased co-activation, can generate greater total spinal loading.

Antagonist co-activation has an increased effect on spinal loading as it not only directly increases
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the loading from its own contractile force, but by producing a moment in the opposite direction
of the desired movement, it creates a demand on the agonist muscles to increase their muscle
contractile forces to offset the higher antagonist moment (Granata & Marras, 1995). It has been
estimated that the level of co-activation measured in EMG studies increases the compressive
load on the spine during static activity by 16-19% for extension efforts and by a greater amount
in lateral bending efforts (Thelen et al., 1995). For dynamic movements the increase in
compressive loads is estimated to be even higher. Granata and Marras, 1995, calculated that the
compressive loads and shear forces acting on the spine during dynamic lifting exertions
increased by 45% and 70% respectively due to co-activation. Therefore, although co-activation is
able to provide added stability to the spine, it would be more ideal to have a spinal system that
was naturally stable without needing co-activation and the increased spinal loads that accompany
it. The higher levels of co-activation seen in the female spine may put women at greater risk of

back injuries due to the increased compressive and shear forces experienced.

Co-activation is often measured by activation amplitudes (Anders et al., 2007), co-
activation indices (Kellis et al., 2003) and onset and offset times (MacDonald, Moseley, &
Hodges, 2010), all of which are discrete measures. It is important to acknowledge the limitations
of using a discrete measure of muscle activity to describe the relationships between muscles
responding to a dynamic task. In an attempt to better relate muscle activation synergies and co-
activations to dynamic neuromuscular control, studies have applied correlations (Sirin & Patla,
1987), which allow for the temporal patterns to be compared between muscles. However,
correlations between muscles can only be applied to two muscles at a time, limiting the ability to
perform a reasonable data analysis on a large group of muscles. Recent studies using pattern

recognition techniques (explained in more detail below, as well as in Appendix A) on the
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temporal EMG waveforms, allow the examination of both amplitude and temporal characteristics
of muscle activation for a wide group of muscles (Butler, Hubley-Kozey, & Kozey, 2010;
Hubley-Kozey et al., 2010; Ivanenko, Poppele, & Lacquaniti, 2004; Lamoth, Meijer,
Daffertshofer, Wuisman, & Beek, 2006). Hubley-Kozey et al., 2011, employed these pattern
recognition techniques to compare the temporal EMG responses of 24 trunk muscle sites
between men and women during controlled lifting tasks (Hubley-Kozey et al., 2011). Consistent
with the previous work they found higher relative activation amplitudes or increased co-
activation. However in addition to these amplitude differences they demonstrated that women
had more temporal asynchronies among ipsilateral back and abdominal muscle sites compared to
men. These asynchronies may arise from changes in the neuromuscular control system over the
course of a women’s menstrual cycle creating more variability in the female system. To our
knowledge no one has examined temporal EMG patterns of the trunk over the course of the
menstrual cycle in women to see if this is true. If so, it could help explain the higher prevalence

of musculoskeletal injuries in women compared to men.

2.6 Effects of the menstrual cycle on injury risk

It has not only been suggested that the hormone differences between men and women
lead to differences in injury rates but also that a woman’s own fluctuations in hormone levels can
result in her being more susceptible to injuries at one time in her cycle compared to another. A
woman’s hormone levels fluctuate significantly over the course of her monthly menstrual cycle.
During the early follicular phase (day 1-6) serum estrogen and progesterone levels are low.
Estrogen levels are then elevated during the late follicular phase (day 7-11) with an estrogen

spike occurring at the time of ovulation (day 14). During the luteal phase (day 15-28)
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progesterone levels elevate and estrogen levels remain somewhat elevated and slowly return to

baseline (Wojtys et al., 1998) (See Figure 2.1).

The most recent ACL consensus statement concluded that the risk of suffering a
noncontact ACL injury is not equal across the menstrual cycle and is greatest during the pre-
ovulatory phases, which consists of menses through ovulation (Shultz et al., 2010). A 2007
review of the literature by Hewitt, Zazulak & Myer came to a similar conclusion, stating that
there is an increase in noncontact ACL injuries surrounding the pre-ovulatory phase of the
menstrual cycle (Hewett et al., 2007).There is some disagreement on this topic, with some
studies showing an increased risk of ACL injury at ovulation (Adachi, Nawata, Maeta, &

Kurozawa, 2008; Wojtys, Huston, Boynton, Spindler, & Lindenfeld, 2002; Wojtys et al., 1998).
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Figure 2.1: Estrogen and Progesterone levels over the menstrual cycle. The ovulation phase is
abbreviated as Ovul. phase and lasts from day 12-14. (adapted from Dzugan & Scipione, 2006).

Some discrepancies between methods within the studies examining ACL risk over the

menstrual cycle may be partially responsible for the disagreement in results. Not all the studies

22



mentioned above excluded participants taking oral contraceptives. Oral contraceptives greatly
alter the natural hormone fluctuations seen within the female body, significantly attenuating and
leveling out estrogen levels (Bryant et al., 2008). Having subjects on oral contraceptives within a
subject pool makes it difficult to draw conclusions about results. Also there is no consensus
between these studies on menstrual cycle phase labels and lengths. Studies divide the cycle into
anywhere from 2-4 phases, often of varied lengths and often using different names for the same
time period between studies. Nevertheless, these studies do conclude that menstrual cycle may
be an important factor in ACL injuries. No work has been done yet examining if menstrual cycle

phase has an effect on prevalence of back injuries in women.

A potential mechanism leading to the varied injury rates across the menstrual cycle is the
effect of fluctuating estrogen on mechanical properties of tendons and ligaments. Fluctuations in
sex hormones, which are unique to the female body, are commonly included by researchers as a
potential factor leading to an increased risk of soft tissue injuries. Since women have higher
levels of estrogen at specific points in their menstrual cycles it is suggested that the stiffness of
their ligaments, and thus their risk of sustaining musculoskeletal injuries, may change in

accordance with their hormone levels.

Studies differ on whether acute changes in plasma estrogen levels over the course of the
menstrual cycle can affect soft tissue mechanical behaviour. The majority of the work has
focused on the ACL, although one study examined the Achilles tendon (Bryant et al., 2008).
Several studies have identified acute estrogen-induced changes in soft tissue mechanical
behavior (Deie et al., 2002; Eiling et al., 2007; Heitz et al., 1999; Romani et al., 2001; Shultz et
al., 2004). Other studies have demonstrated no direct association between acute estrogen

fluctuations and soft tissue mechanical behavior (Arnold et al., 2002; Beynnon et al., 2005;
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Bryant et al., 2008; Karageanes et al., 2000; Lovering & Romani, 2005; Miller et al., 2007;
Romani et al., 2003; Van Lunen et al., 2003; Warden et al., 2006). A review of the literature by
Zazulak et al., 2006, stated that 6 out of 9 prospective cohort studies did not shown any
correlation between ACL laxity and menstrual cycle phase (Zazulak, Paterno, Myer, Romani, &

Hewett, 2006).

Several of the studies that did find changes in soft tissue mechanical properties over the
course of the menstrual cycle indicate that lower magnitudes of anterior knee laxity are found
during the early follicular phase, when both estrogen and progesterone are at their lowest point,
and higher magnitudes of laxity are found near ovulation and the early luteal phase, when
estrogen levels are higher but progesterone levels have not yet risen (Deie et al., 2002; Park,

Stefanyshyn, Loitz-Ramage, Hart, & Ronsky, 2009).

Shultz et al., 2004, argue that estradiol, progesterone and testosterone and their
interactions account for 63% of the changes in knee laxity across the cycle when a 3-4 day time
delay was considered. But that there is a lot of variability in the length of time delay between
changes in hormone levels and changes in knee laxity (Shultz et al., 2004). Shultz et al., claim
that this variability makes it difficult to identify a single test day in each phase that will represent
the same point in the cycle for all women and that this could explain why studies using a single
test day per cycle phase often did not find cyclic changes in knee laxity across the menstrual
cycle. Daily tracking of hormone levels and knee laxity measures were used in an attempt to get
a better picture of individual variability (Shultz, Gansneder, Sander, Kirk, & Perrin, 2006).
However, they were unable to replicate their previous results and were not able to explain with

hormone changes why some women saw changes in knee laxity while others did not.
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Shultz et al., 2011, attempted to complete the picture of knee ligament laxity variation by
examining varus-valgus and internal-external rotational laxity in addition to the conventionally
measured anterior knee laxity. They found that the cyclic variations in anterior knee laxity over
two time points in the menstrual cycle were not accompanied by changes in varus-valgus or
internal-external rotational laxity. They concluded that there may be ligament-specific responses
to hormone changes over the menstrual cycle and that further work would be needed to

investigate this.

Overall the reports of the effect of menstrual cycle phase on the mechanical properties of
soft tissues such as the ACL are equivocal, with nearly equal numbers of reports supporting both
sides. It seems that alterations to soft tissue mechanical properties alone do not explain the effect

that the menstrual cycle seems to have on injury susceptibility.

2.7 Effect of the menstrual cycle on neuromuscular control

The reports of the effects of the menstrual cycle on passive joint restraints are vague and
do not alone explain the differences in injury rate seen over the course of the menstrual cycle.
Recent work has reported the presence of estrogen receptors alpha and beta in skeletal muscles
(Lemoine et al., 2003; Wilk et al., 2005) providing another plausible tissue-based explanation for
how estrogen fluctuations over the course of the menstrual cycle can influence the active
subsystem. However, it may be that the menstrual cycle has a larger effect on the neuromuscular
subsystem, as opposed to the mechanical properties of the muscular subsystem itself, since
muscular fatigability and muscle strength in women do not seem to change over the course of the
menstrual cycle (Janse de Jonge, Boot, Thom, Ruell, & Thompson, 2001; Lebrun, McKenzie,

Prior, & Taunton, 1995). Janse de Jonge et al., 2001, examined muscle function at three

25



different phases of the menstrual cycle with significantly different concentrations of female sex
hormones. They found no significant change for any strength parameters including maximal
isometric quadriceps strength, isokinetic knee flexor and extensor strength and hand grip
strength. They also found that the quadriceps contractile properties and knee flexor and extensor
fatigue were not affected by the menstrual cycle. Lebrun et al., 1995, also determined that the
isokinetic strength of the quadriceps and hamstrings were not influenced by the menstrual cycle
phase. Changes in the neuromuscular subsystem alone can still easily lead to injury. In fact,
impaired coordination of trunk musculature has been shown to be associated with low back pain
(Akuthota & Nadler, 2004; Hodges & Richardson, 1996; Hodges & Richardson, 1998), whereas
improved strength of the trunk musculature does not seem to be associated with the prevention of
low back pain (Nadler, Malanga, DePrince, Stitik, & Feinberg, 2000; Nadler et al., 2001; Nadler

et al., 2002).

Limited work has examined whether acute changes over the menstrual cycle can have
altering effects on a women’s neuromuscular control strategies. Early studies found that fine
motor activity and reaction times can fluctuate over the course of the menstrual cycle (Posthuma,
Bass, Bull, & Nisker, 1987; Stocker, 1974). More recently, Friden and colleagues (Friden et al.,
2003; Friden et al., 2005) have looked at the changes in women’s postural control over the
different phases of the menstrual cycle and found that some women show higher levels of
postural sway in the mid-luteal phase of their cycle. Dedrick et al., 2006, found that women
performing drop jumps had delayed onsets of their semitendinosis muscles during the luteal
phase of the menstrual cycle as well as altered hip muscle onset timing differences compared to
during the follicular phase. No kinematic differences in lower limb alignment accompanied these

neuromuscular differences. Work by Chaudhari et al., 2007, also demonstrated no kinematic
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differences during several demanding lower limb actions performed by women at different
phases of their menstrual cycles. Dedrick et al., 2006, suggest that the muscle timing changes
over the course of the menstrual cycle may affect joint co-contraction and result in altered joint
stiffness and the ability to distribute force through bony and soft tissues. These changes would in

turn affect the injury susceptibility of a joint.

It seems that changes in sex hormones can have an effect on how an individual’s
neuromuscular system reacts to different tasks. Large, long-term changes in sex hormones, such
as the developmental changes that differentiate men from women, create clearly demonstrated
alterations in neuromuscular control patterns (Ford et al., 2003; Hewett et al., 2004; Landry et
al., 2009). Shorter term changes in sex hormones, such as over the course of the menstrual cycle,
have less clear effects on neuromuscular control. Preliminary evidence suggests that there may
be some base differences in neuromuscular control over the menstrual cycle (Dedrick et al.,
2006; Friden et al., 2003; Friden et al., 2005). However, the lack of evidence of kinematic
differences between tasks performed at different points in the menstrual cycle suggests that the

differences may be subtle.

2.8 Effect of the female menstrual cycle on control of trunk musculature

Few studies have examined whether trunk muscle control changes over the course of the
menstrual cycle. The work by Friden et al. in 2003 and 2005 is likely the closest to evaluating
neuromuscular control of the trunk over the menstrual cycle. They examined how postural sway,
which can be thought of as a partial outcome of trunk muscle control, changed over the
menstrual cycle. As stated earlier, they found that women showed higher levels of postural sway

in the mid-luteal phase of their cycle. There has been quite a lot of work examining the
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difference in trunk muscle control between men and women as has been discussed in previous
sections. Since hormone levels are one of the biggest physiological differences between men and
women it can be argued that they may play a role in any differences observed between men and

women in their trunk muscle control.

2.9 Experimental procedures

2.9.1 Experimental tasks to evaluate neuromuscular control of the trunk

Neuromuscular control of the trunk relies on the integration and coordination of a wide
number of separate muscles. Studies of the trunk suggest that all these muscles must be
coordinated with strict muscle activation patterns in order to maintain stability during motion
while minimizing joint loads and risk of low back pain (Brown et al., 2006; Cholewicki &
McGill, 1996; Granata & Orishimo, 2001). It has been suggested that even one muscle
responding inappropriately could provide the necessary force to disrupt stability (McGill, 1999).
Neuromuscular control of the trunk can be assessed by examining both amplitude and temporal
characteristics of the electromyogram (EMG) recorded during the performance of a dynamic
task, which can provide information about potential differences in the timing, recruitment order,

and co-activation patterns of the trunk musculature.

Lumbopelvic stabilization exercises aim at reprogramming spine stabilizing muscles to
improve their motor control skills, as well as their ability to compensate for any weakness in the
passive stabilization structures. Dynamic stability exercises are widely used to build muscle
strength and endurance as well as develop neuromuscular control strategies required to maintain

dynamic trunk stability. The trunk stability test (TST) has been investigated in the literature
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(Clarke-Davidson & Hubley-Kozey, 2005; Hubley-Kozey & Vezina, 2002; Hubley-Kozey et al.,
2009; Hubley-Kozey et al., 2010; Vezina & Hubley-Kozey, 2000) because it is a dynamic
stability exercise that focuses on maintaining the spine in a neutral position as well as producing
coordinated co-activity among muscle sites to sustain lumbopelvic stability. The task involves
leg-loading and is dynamically challenging to the abdominal musculature due to the altered
loading on the lumbopelvic region throughout the exercise. The TST task is conducted in a
supine position. As the legs are lifted they create an external hip extensor moment, which is
countered by contraction of the hip flexors, mainly the rectus femoris and psoas. The psoas
originates from lumbar vertebrae at levels L4 and L5 and therefore its contraction imposes forces

on the spine that challenge lumbopelvic stability.

Lumbopelvic stability is defined as the ability to maintain the pelvis in a physiologically
safe position relative to the lumbar spine. The link between the pelvis and lumbar spine is
composed of the sacroiliac (SI) joint. The SI joint has to transfer large loads between the lower
limb and torso and has a relatively flat joint surface that is favourable for the transfer of
compressive forces and bending moments (Snijders, Vleeming, & Stoeckart, 1993). However the
flat SI joint is vulnerable to shear forces (Snijders et al., 1993). The SI joint is somewhat
protected from these shearing forces by anatomical features of the joint such as the wedge shape
of the sacrum and rougher articular cartilage relative to other joints. A coarser texture of the
cartilage and the presence of ridges and depressions enhances friction at the joint and
consequently increase stability (Bowen & Cassidy, 1981; Pool-Goudzwaard, Vleeming,
Stoeckart, Snijders, & Mens, 1998; Vleeming, Stoeckart, Volkers, & Snijders, 1990). Men have
more prominent cartilage modifications (Vleeming, Volkers, Snijders, & Stoeckart, 1990),

indicating that women may have less natural protection against shear forces acting on the SI
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joint. Further resistance to shear forces on the SI joint is created by muscle forces that provide
compression on the joint. Inadequate muscle strength or improper coordination between muscles
can cause insufficient protection of the SI joint against shear forces which could lead to

lumbopelvic instability, pain and low back disorders (Pool-Goudzwaard et al., 1998).

The TST task consists of 5 levels of varying difficulty. Level 3 of the task involves an
unsupported single leg extension (see Figure 2.2) and is the only level with both increased
demands on the abdominal musculature and increased asymmetric loading (Clarke-Davidson &
Hubley-Kozey, 2005). Hubley-Kozey et al., 2010, identified neuromuscular patterns during the
TST task that divided individuals into two groups: those who were able to perform the exercise
without excessive lumbar and pelvic motion (stable group) and those who were unable (unstable
group) (Hubley-Kozey et al., 2010). Both groups showed an overall mean activation pattern that
was similar for all abdominal wall muscle sites, indicating an underlying synergy, with the rectus
abdominus being slightly more responsive to leg loading perturbations. The stable group showed
higher relative activation in their lower rectus abdominus sites, which represent the fibers that
attach directly to the pelvis, than their upper rectus abdominus sites, whereas the unstable group
showed no difference in activation between the two rectus abdominus sites (Hubley-Kozey et al.,
2010). The stable group also exhibited higher relative activation in the lateral and posterior fibers
of the external oblique compared to the anterior fibers. In contrast, the unstable group showed
higher relative activation in the anterior and lateral fibers of the external oblique compared to the
posterior fibers. The physiological role of the anterior fibers of the external oblique in
maintaining lumbar-pelvic stability is unclear as they do not attach to the pelvis or the lumbar
spine. This may have contributed to the inability of the unstable group to minimize lumbar-

pelvic motion (Hubley-Kozey et al., 2010). Also subjects in the unstable group displayed an
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exaggerated burst of activity associated with lifting the second leg off the table during the task
which has been previously reported in subjects with low back pain performing level 1 of the TST
task (Hubley-Kozey & Vezina, 2002). Other researchers have identified neuromuscular control
differences between subjects with ‘fit” motor systems who are able to easily meet the stability
demands of a task and subjects with ‘less fit’ motor systems. Subjects with ‘less fit” motor
systems demonstrate more variability in their ability to stabilize their spine, sometimes
producing more co-activation of surrounding musculature to keep stability high, which

consequently can add more compression to the spine (McGill, Sharratt, & Seguin, 1995).

1 1 1 ] 1 A—
Foot Off { Knee On Knee Off [ Knee On l Knee Off U Foot On

Leg Lift Leg Extension Leg Lower
Prior to leg lift, 1. Lift the right then left leg until the hip is flexed to 90° Lower legs to
contract 2. Extend the right leg fully starting

abdominals 3. Flex the hip & return to the 90° hip angle position position

Total Exercise

Figure 2.2: The TST began with the participant lying supine on the bed. Prior to beginning the task the participant
performs an abdominal hollowing manoeuver. The test consisted of the participant lifting their right leg and then
their left to 90° hip flexion (thighs met a crossbeam), extending their right leg out to full knee extension, gently
tapping the right heel on the table, returning the right thigh to the crossbeam, and lowering the left then right foot to
the bed. The movement was divided into three phases: leg lifting, leg extension and leg lowering, which were
defined by event markers generated by pressure sensitive switches located on the right foot, the top of the right thigh
and the crossbeam. The task was completed to an 8 second count (1 — right thigh to crossbeam, 2- left thigh to
crossbeam, 3- right leg extending, 4 — right leg fully extended, right heel tapped on bed, 5- right leg flexing, 6- right
thigh to crossbeam, 7- left foot on bed, 8- right foot on bed) (modified with permission from Hubley-Kozey et al.,
2010).
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2.9.2 Factors effecting EMG measurement

EMG crosstalk

One of the biggest drawbacks of using surface electromyography is the potential for
surface electrodes to pick up myoelectric signals from muscles other than the muscle of interest.
This signal-contaminating phenomenon is known as crosstalk (Winter, Fuglevand, & Archer,

1994). The presence of crosstalk can make the interpretation of the EMG signal more difficult.

How large an influence crosstalk has on measured signals is hard to quantify. One study
measured surface EMG of several maximally stimulated feline muscles before and after the
nerves running to specific muscles that could be contributing to crosstalk were cut (Solomonow
et al., 1994). Following cutting the nerves they concluded that in the ‘worst-case scenario’ cross-
talk was contributing to only 5% of the signal value. When this result is considered together with
the fact that surface electrodes have relatively shallow pick-up depths (18mm) it is suggested that
the effect of cross-talk may be negligible in large muscles (Fuglevand, Winter, Patla, & Stashuk,
1992; Solomonow et al., 1994). Some studies using other analysis techniques, such as cross-
correlation techniques have concluded that 13-16% of an EMG signal can be due to contributions
from neighboring muscles (De Luca & Merletti, 1988; Winter et al., 1994). However, upon
investigation it seems that using cross-correlation techniques to assess cross-talk may be
somewhat flawed as cross-correlations could misinterpret muscles acting synergistically as cross-
talking onto each other due to their similar activation patterns. Additionally, since signals change
as they pass through different volumes of tissue, cross-talk signals may have different
components from the muscle of interest, which would reduce the reliability of using cross-
correlations for evaluating cross-talk (Farina, Merletti, Indino, & Graven-Nielsen, 2004; Lowery,

Stoykov, & Kuiken, 2003). Nonetheless it seems that a signal measured from one muscle cannot
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be assumed to originate only from that muscle and none of the other nearby muscles. To account
for this, methodological procedures can be adapted to reduce the influence of crosstalk in EMG
measurements. For example, smaller electrodes with reduced spacing can be used to decrease the

pick-up volume and the potential for cross-talk (Fuglevand et al., 1992).

Number of sites to measure

Another important concern when evaluating neuromuscular control is how many muscle
sites to measure. The number needs to be high enough to capture the key neuromuscular control
patterns, but still low enough to keep the volume of data manageable. Experimental and
biomechanical modelling studies show that all trunk muscles have an important role (Cholewicki
& VanVliet, 2002; Kavcic, Grenier, & McGill, 2004) and that even different segments of the
same muscle can respond differently to a perturbation (Jonsson, 1970; Mirka, Kelaher, Baker,
Harrison, & Davis, 1997; Vink, van der Velde, & Verbout, 1987), thus justifying measuring a
comprehensive number of sites. However, most studies in this area measure a maximum of 14-
trunk muscle sites with the majority measuring much less (Cholewicki & McGill, 1996;
Cholewicki, Panjabi, & Khachatryan, 1997; Granata & Orishimo, 2001; Hodges & Richardson,
1997; Lariviere, Gagnon, & Loisel, 2000; Marras & Davis, 1998; van Dieen, Cholewicki, &
Radebold, 2003). While there are redundancies for some tasks, all trunk muscles, and even
different sections of the same muscles, have been shown to have different responses to varying
perturbations, making a fully comprehensive protocol of measuring 24 muscle sites ideal (Butler,

Hubley-Kozey, & Kozey, 2009b; Butler et al., 2010) (See figure 2.3).
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Figure 2.3: Electrode placement and anatomical representation of the muscles sites. 1=lower
rectus abdominis; 2=upper rectus abdominis; 3=anterior fibres of the external oblique; 4=lateral
fibres of the external oblique; S=posterior fibres of the external oblique; 6=internal oblique;
7=longissimus at L1; 8=iliocostalis at L1; 9=longissimus at L3; 10=iliocostalis at L3;
11=quadratus lumborum; 12=multifidus (Reproduced with permission from Butler, 2007).

Managing large EMG data sets — Principal Component Analysis

To manage large data sets, data reduction techniques need to be imposed, preferably in a
way that minimizes the amount of data loss. Techniques based on principal component analysis
(PCA) have been shown to be an effective method to reduce the large quantity of data and make
comparisons in waveform characteristics to understand co-activation and temporal synchronies
among muscles (Butler, Hubley-Kozey, & Kozey, 2009b; Hubley-Kozey & Vezina, 2002).
Unlike averaging and using ratios, PCA is able to maintain the salient features of the original
data, and thus is an attractive alternative for data reduction (Daffertshofer, Lamoth, Meijer, &
Beek, 2004; Hubley-Kozey, Deluzio, Landry, McNutt, & Stanish, 2006; Wrigley, Albert,

Deluzio, & Stevenson, 2005). A diagram of PCA is shown in Figure 2.4. Briefly, PCA works by
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transforming the EMG waveform data so that it can be explained by a limited number of
principal components (PCs) that explain the majority of the variation in the data (Hubley-Kozey
et al., 2006; Jackson, 1991). The waveform data (time-normalized to 101 data points) forms the
matrix X (n x 101), where n is the number of subjects. A covariance matrix, S (101,101) is
formed using the variances and covariances of X. Extracting the eigenvectors from the
covariance matrix (S) yields an orthogonal transformation matrix, U(101,101). The eigenvectors
which make up U are transformed variables that each describes a feature of variation in the data.
Eigenvectors are also called principal components. Each waveform is given a Z score (also
called a PC score) based on how closely it corresponds to a specific PC. PC scores can then be
used in statistical analysis to compare EMG waveforms. The PCA process is explained in more

detail in Appendix A.
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Figure 2.4: Principal Component Analysis (modified with permission from Hubley-
Kozey et al., 2010).
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2.9.3 Experimental procedures for tracking menstrual cycle phase

We are interested in evaluating the effect of acute fluctuation in estrogen levels over the
menstrual cycle on neuromuscular control of the back. An important part of our procedure will
be centered on properly selecting our test days so that this effect can be examined. It is expected
that the greatest changes in neuromuscular control will occur as a result of changes in estrogen
concentration in the female body. Therefore, the most appropriate times to perform our tests are
when estrogen levels are at their lowest point and when they are at their highest. As previously
mentioned, estrogen levels are at their lowest point during the early follicular phase (days 1-6)
and at their highest point at ovulation (~day 14) (Wojtys et al., 1998). Therefore participants in
this study will need to be tested in the middle of their follicular phase (~day 3-5) and as close to

their ovulation as possible (~day 14).

The average menstrual cycle length for a woman between the ages of 20 and 30 is
approximately 28 days long (Cole, Ladner, & Byrn, 2009; Fehring, Schneider, & Raviele, 2006).
However there is still a significant amount of variability among cycle lengths. Cole et al., 2009,
demonstrated that in 167 women aged 18-36, the 95% confidence interval for menstrual cycle
lengths was 23-32 days. In order to determine proper test day timing, study participants need to
be questioned about the timing of their last menses as well as asked about their typical cycle
length. Their average cycle lengths can be used in determining the timing of the follicular phase
test sessions. A woman with a 28 day cycle would have their follicular phase test session on day
2-7 of their cycle. A woman with a significantly shorter or longer cycle will have this test day
adjusted accordingly to fall within 7-25% of the way through their cycle. The ovulation phase
test day can be determined independently of a participant’s normal cycle length. Ovulation
prediction kits, which are commercially available and widely used by research groups in this
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field (Abt et al., 2007; Bryant et al., 2008; Shultz et al., 2006), can be used by participants to
determine when ovulation occurs. Ovulation prediction kits have been shown to be highly
accurate and easy to use (Gudgeon, Leader, & Howard, 1990; Leader, Russell, Clifford, &
Stenning, 1991). The ovulation prediction kits detect the LH (luteinizing hormone) surge that
occurs just prior to ovulation. The test day can be scheduled for shortly after this surge (24-

48hrs).

Several studies that examine the effects of sex hormone levels on soft tissue behaviour
use blood samples collected on test days to confirm that subjects are being measured on the
correct day (Eiling et al., 2007; Friden et al., 2003; Friden et al., 2005; Janse de Jonge et al.,
2001; Lebrun et al., 1995; Shultz et al., 2006). This allows researchers to be more lenient with
their scheduling of test days as they are able to confirm or reject a test day after the fact based on
expected versus measured hormone levels. There are, however, some limitations of using blood
samples for this purpose. Most of the studies mentioned above analyse the blood samples
collected using commercially available immunoassay kits, though these kits are convenient and
widely used they do have some inaccuracies and limitations associated with them. Many kits
lack the proper validation and assay sensitivity and specificity necessary for reliable test results
(Stanczyk et al., 2003). Stanczyk et al., 2003 recommend that because of the limited validations
performed by manufacturers, researchers planning on using immunoassay kits should carry out
extensive validation of each kit prior to use. Also it is important to consider the risks using
phlebotomy will cause to the patients. The act of venipuncture required for drawing blood
samples is acutely painful and distressing to patients (Cason & Grissom, 1997; Seemann &
Reinhardt, 2000). Other researchers have published respected, well-cited work using alternative

methods for determining menstrual cycle phase, choosing to omit the use of blood samples to
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check hormone levels at each test date (Belanger et al., 2004; Karageanes et al., 2000). In these
studies normal menstrual cycle length was used in estimating the timing of the follicular test day
and basal body temperature was monitored to indicate when ovulation occurred to determine the
timing of the ovulation test day. These methods have proved reliable and effective. The use of
ovulation prediction kits, which are more accurate than monitoring basal body temperature
(Gudgeon et al., 1990), should further improve the accuracy of choosing of a test days. This
makes the use of blood samples unnecessary as they would only add undue harm to the subjects

and potentially generate inaccurate results.

When performing hormone analysis it is important to take into account other factors that
can influence the hormonal environment of the body. The nutritional intake of a participant prior
to testing can greatly influence the hormones associated with energy substrate mobilization and
use, such as insulin, glucagon, epinephrine, growth hormone, insulin like growth factor and
cortisol (Tremblay, Chu, & Mureika, 1995). However, since the hormone being investigated in
this study will be estradiol (the most common estrogen) fasting prior to test sessions will not be
necessary. Factors such as sleep and stress can also greatly disrupt highly circadian hormones,
such as sex hormones like luteinizing hormone and follicle stimulating hormone. Therefore when
evaluating sex hormones, participants should be well rested prior to testing; 8 hours of sleep
prior to testing should be recommended. Stress levels of participants should also be monitored
between test sessions. If inadequate recovery time following physical activity has elapsed the
hormone profiles of individuals can also be affected (Hackney & Viru, 2008). Participants

should be asked to refrain from physical activity for 24 hours prior to testing.
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Chapter 3: Methodology

3.1 Research design
The thesis was divided into two related but independent studies. The first study was a cross-

sectional design with two independent groups. The second study was a repeated measure design.
Approval for these studies was obtained from the Health Sciences Research Ethics Board,
Dalhousie University. Methodology details specific to individual objectives of the thesis will be
covered in their respective sections. Below is a description of the general methodology relevant
to both studies.
3.2 Subjects

Subjects were recruited by word of mouth and through emails, posters and notices around
Dalhousie University. All subjects interested in participating took part in an initial telephone
interview where they were asked a series of health screening questions as well as questions
concerning their eligibility for inclusion in the study. The health screening questions determined
if the subject was in generally good health and whether they had any health related conditions
that could have been exacerbated by participation in the study. Individual objective inclusion
criteria are included in their respective sections.
3.3 Ethical issues

There were minimal risks associated with this protocol. A low risk for a rash developing
from the electrode paste and /or cleaning the skin with alcohol/water mixture exists. If this
occurs, it would last no more than a day. There is low risk associated with the surface EMG
procedure; however, there is always a small risk of electric shock when using any electrical
device. The equipment used reduces this risk since the patient unit is battery operated with a

mechanism to decrease current flow, the lab has hospital grade grounds and the EMG system
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meets CSA standards. There is a low risk for some mild post-exercise muscle soreness. If this

occurs, it should not last more than two days.

Overall, there have been more than 150 participants including asymptomatic controls,
those with low back pain and older adults tested in the lab for various studies using similar
protocols with no major adverse effects reported. If a subject experiences any discomfort during
testing, they are asked to report this immediately to the tester, and the activity is stopped. All
test activities are directly under the participant’s control and he/she was asked to push as hard as
he/she could without feeling any discomfort. The subjects were permitted to rest at any time, or
to withdraw from the study at any time even after testing had begun. So far after testing over 150
subjects with similar tasks there have been no negative consequences, only mild skin irritation in
less than 1% of participants.

3.4 Data acquisition

A surface EMG system (3-8 channel, Bortec Inc., Calgary, Alberta) was used for
recording the myoelectric signals from 24 muscle sites on the back and abdominals. Collected
signals were used to determine EMG amplitudes and activity patterns. The EMG signals were
pre-amplified (500x) and then amplified differentially (Bandpass 10-1000Hz; input impedance >
10GQ; CMRR 115dB) with three AMT-8 EMG systems (Bortec Inc. Calgary, Alberta). The
analog signals were sampled at 2000Hz using a 16-bit analogue-to-digital (A/D) converter
(National instruments, CA-1000) using LABVIEW and were stored on an IBM Pentium

computer for subsequent off-line processing.

Three battery operated patient isolation units each powered by two 9V batteries were
used. Triggering signals from various sources during the tests were collected as well and were

recorded on channels 24, 25 and 26 of the analogue to digital converter. The triggers consist of
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simple circuits which are able to indicate when a specific event takes place that breaks the
circuit. The signals collected from the triggers were synchronized with the EMG signals so that
the EMG signals could be analysed in terms of timing phases (See Figure 2.2 for more info on

triggers).

Twenty-four pairs of silver/silver chloride electrodes (Meditrace or Red Dot, both 10mm)
were placed over the back and abdominal muscle sites (30 mm inter-electrode distance).
Standardized landmarking procedures were used for placing the electrodes properly over six
bilateral abdominal sites and six bilateral back sites. All electrodes were placed along the muscle
fibers of the underlying muscles. Prior to electrode placement to reduce skin resistance, standard
skin preparation methods were used, which include shaving hair if necessary and abrading the
skin with alcohol swabs (Vezina & Hubley-Kozey, 2000). Skin impedance was checked with a
multi-meter (Fluke 77) to ensure it was below 200K before beginning testing. This is well

below the acceptable skin/electode to amplifier impedance ratio of 1% (Soderberg, 1992).

Consistent with previous work (Butler, Hubley-Kozey, & Kozey, 2009a; Butler, Hubley-
Kozey, & Kozey, 2009b; Butler et al., 2010; Hubley-Kozey et al., 2010) the abdominal muscles
that were monitored include the rectus abdominus, the external obliques and the internal
obliques. The rectus abdominus was monitored at two sites, the lower and upper rectus
abdominus. Electrodes were placed on the muscle belly halfway between the sternum and the
umbilicus for the upper rectus abdominus (URA) and halfway between the umbilicus and pubis
for the lower rectus abdominus (LRA) (Gilleard & Brown, 1994). The external oblique was
measured at three different sites representing the anterior, lateral and posterior fibers. The
electrodes for the anterior fibers (EO1) were placed over the 8" rib in line with the rib and

adjacent to the costal cartilage (Ng, Kippers, & Richardson, 1998). The electrodes for the lateral
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fibers (EO2) were placed approximately 15 cm lateral to the umbilicus at a 45 degree angle
(McGill, 1991). The electrodes for the posterior fibers (EO3) were placed halfway between the
lower border of the ribcage and the iliac crest on at an 80 degree angle (Nouwen, Van
Akkerveeken, & Versloot, 1987). The internal obliques (IO) was measured at one site with
electrodes placed at the center of the triangle formed by the inguinal ligament, lateral border of
the rectus sheath and the line between the two anterior superior iliac spines (Ng et al., 1998).
Though the electrode placements were standardized, minor location adjustments were made

based on individual anthropometrics and palpations.

Consistent with previous work (Butler, Hubley-Kozey, & Kozey, 2009a; Butler, Hubley-
Kozey, & Kozey, 2009b; Butler et al., 2010) the back muscles that were monitored included the
erector spinae (longissimus and iliocostalis) at different lumbar levels, the quadraus lumborum
and the multifidus. Four sites were located over the erector spinae. Electrodes for the longissimus
and iliocostalis were placed 3 and 6 centimeters lateral to the spinous process, respectively, at
both the L1 and L3 lumbar levels (L13, L16, L33, L.36) (Vink et al., 1987). The quadratus
lumborum was measured by two sites located approximately 8.5 cm lateral to the L4 spinous
process (L48). The final site, the multifidus muscle, was placed adjacent to the midline at the L5
level (L52) (Kavcic et al., 2004). As with the abdominal sites, though the electrode placements
were standardized, minor location adjustments were made based on individual anthropometrics
and palpations. Three ground electrodes were placed over the iliac crest as a reference for each

amplifier

Validation tests were used to isolate specific muscles to ensure proper electrode function
and placement for each muscle site consistent with our standard protocol (Butler, Hubley-Kozey,

& Kozey, 2009a; Butler, Hubley-Kozey, & Kozey, 2009b; Butler et al., 2010). Trunk flexion and
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abdominal hollowing exercises were used to recruit the rectus abdominis and internal obliques
(Richardson, Jull, Hodges, & Hides, 1999) respectively. Isometric axial rotation and lateral
flexion were performed to recruit the external obliques (McGill, 1991). Isometric trunk extension
was used to recruit the back extensors (Butler, 2007). During the validation exercises the signals
were checked for quality to ensure low noise and good signal with the gains on each channel
adjusted to ensure maximum signal without the signal being clipped.
3.5 Normalization procedures

A series of exercises were performed to produce a maximal voluntary isometric
contraction from the muscles being monitored. The purpose of these maximal voluntary
isometric contractions was to obtain bench mark EMG curves to which all data is normalized in
order to remove the effect of variance in EMG signals due to adipose tissue and to allow for
better subject-to-subject comparisons. Adipose tissue can greatly reduce the recorded amplitude
of an EMG signal (Solomonow et al., 1994). It has been estimated that adipose tissue can
account for 81% of the variance seen in EMG signals (Hemingway, Biedermann, & Inglis,
1995). This method of MVIC normalization has been shown to be effective and reliable (Burden

& Bartlett, 1999; Kavcic et al., 2004).

For the normalization exercises the subjects were secured with resistive straps and
manual resistance was provided in the opposite direction of the intended motion to aid with the
correct performance of the task (Butler, 2007). Motivation and verbal feedback was also

provided to help the subject reach maximal exertion.

A total of eight exercises previously used for normalization (Butler, 2007) were
performed to recruit MVICs from all muscle sites. The first exercise was a supine sit up which is
performed to maximally recruit the rectus abdominus (Vezina & Hubley-Kozey, 2000). To
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activate the oblique muscle sites left and right sided exertions were performed. These included
seated axial rotations to the right and left (Richardson et al., 1999) as well as right and left lateral
flexion coupled with an ipsilateral hip hike in side-lying (Butler, 2007). Prone back extension
(McGill, 1991) and back extension coupled with axial rotation to both the right and left (Butler,
2007) were performed to maximally recruit the back musculature. All normalization exercises
were held for 3 seconds with 2 minute rest interval between each contraction. After the
normalization trials baseline muscle activity (subject bias) was recorded for 3 seconds while the
subject was lying supine and relaxed. The system bias was recorded for 1 second at the end of
the full experimental session. Subject and system biases are recorded to allow baseline noise
present in the subject or system to be filtered out during processing.
3.6 Motion measurement

The Flock of Birds ™ (FOB) motion system (Ascension Technology Inc., Burlington,
Vermont) was used to monitor motion of the pelvis during the TST task. One electromagnetic
sensor was placed on the subject’s left iliac crest (See Figure 3.1). The sensor provided 6 degrees
of freedom (x,y,z displacement, yaw, pitch and roll rotations) with respect to a global coordinate
axis system located in the FOB source. The measurements were not directly related to the
anatomical reference frame however, yaw most closely captured anterior/posterior tilt of the
pelvis, pitch most closely captured horizontal rotation (side to side) of the pelvis and roll most
closely captured up and down tilt of the pelvis in the frontal plane. This system of 3-dimensional
motion capture has been used in the literature (Butler, Hubley-Kozey, & Kozey, 2009a; Butler,
Hubley-Kozey, & Kozey, 2009b; Butler et al., 2010; Silfies, Bhattacharya, Biely, Smith, &
Giszter, 2009) and provides information regarding pelvis motion during the trials. Minimal

motion was desired and thus any trials with excess motion were excluded from analysis.
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Eoll: Rotation about X

Yaw: Rotation about Z

Pitch: Rotation about Y

Figure 3.1: Flock of birds sensor placement on the iliac crest. Yaw describes motion around the Z axis,
pitch describes motion around the Y axis and roll describes motion around the X axis (modified with
permission from Hubley-Kozey et al., 2009).

3.7 Experimental task
The experimental task evaluated was the trunk stability test (TST). The rationale for

selecting this task was explained in the review of literature. The TST has 5 different levels or
variations (Clarke-Davidson & Hubley-Kozey, 2005; Hubley-Kozey et al., 2010). Subjects only
performed TST level 3 (See Figure 2.2). This level was selected because of its asymmetrical
nature. The subject begins lying supine on the bed. The test consists of the subject lifting their
right leg and then their left to 90° hip flexion (thighs will meet a crossbeam), extending their
right leg out to full knee extension, gently tapping the right heel on the table, returning the right
thigh to the crossbeam, and lowering the left then right foot to the bed. The movement was
divided into three phases: leg lifting, leg extension and leg lowering, which were defined by
event markers generated by pressure sensitive switches located on the right foot, the top of the

right thigh and the crossbeam.
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3.8 Data processing
All raw EMG signals were visually inspected for quality and noise levels or artefacts (eg.

spikes, DC offsets). Custom programs in Matlab® (MathWorks, Inc., Natick, MA. Version 7.3)
were used to process the data. First a recursive fifth order Butterworth high pass filter at 30Hz
was used to remove the ECG signal from any low amplitude EMG signals in which it was
present (Butler, Newell, Hubley-Kozey, & Kozey, 2009). The power spectrum was calculated for
each EMG signal and if low level noise from the FOB system was detected it was removed with
an inverse Fast Fourier transform. The raw EMG was corrected for the system and subject bias,
adjusted for the true channel gain and full wave-rectified. The signals was then filtered with a 6
Hz second order recursive Butterworth low pass filter to create a linear envelope profile. The
normalization trials were used to determine the maximum amplitudes for each of the 24 muscle
sites using a 500 msec moving window (Vezina & Hubley-Kozey, 2000). The maximum
amplitudes were used to normalize the EMG signals for all trials resulting in EMG waveforms
reported in percent maximal voluntary isometric contraction (%MVIC). All EMG signals were

time normalized to 100% of the movement using a linear interpolation algorithm.

The motion data from the FOB was processed using standardized methods (Butler et al.,
2010; Hubley-Kozey et al., 2009). The data was low-pass filtered at 1-Hz using a recursive
second order Butterworth filter using a customized program in Matlab® (MathWorks, Inc.,
Natick, MA. Version 7.3). The angular displacement of each marker was calculated as the
difference in degrees between the maximum and minimum angular positions during a task.
3.9 Data analysis

Normalized EMG waveforms were compared using Principal Component Analysis

(PCA). PCA was done using a customized Matlab® (MathWorks, Inc., Natick, MA. Version 7.3)

46



program. As described in the preceding chapter as well as Appendix A, an eigenvector
decomposition was performed on the covariance matrix of all of the ensemble averaged EMG
profiles from each individual trunk muscle. Principal components (PCs) are extracted from the
matrix which represents overall trends seen in the data. Each PC captures a different feature of
the EMG waveform data. Each measured waveform was given a PC score for each PC based on
how similar the waveform is to the PC curve. PC scores can then be used in statistical analysis to
compare temporal synchronies between waveforms (Hubley-Kozey & Vezina, 2002; Hubley-

Kozey et al., 2009).
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Chapter 4: Sex Differences in Neuromuscular Control Patterns during the Trunk Stability
Test

4.1 Introduction
Women have higher incidences of a wide range of musculoskeletal injuries compared to

men, including low back injuries (Feuerstein et al., 1997; Krause et al., 1997; Schneider et al.,
2005; Schneider et al., 2006). Physiological and anatomical differences exist between the sexes,
women have smaller tendon cross-sectional areas (Pichler et al., 2008), different muscle
composition (Thorstensson & Carlson, 1987) and lower musculoskeletal stiffness (Granata et al.,
2002a; Granata et al., 2002b). Differences also exist between the sexes in how they control their
lower limb musculature during athletic cutting and jumping manoeuvers (Ford, Myer, Toms, &
Hewett, 2005; Hewett et al., 2004; Landry et al., 2009), however minimal work has been done on

the trunk musculature.

In terms of low back injury prevention, neuromuscular control of the trunk is particularly
important as impaired coordination of trunk musculature is associated with low back pain
(Akuthota & Nadler, 2004; Hodges & Richardson, 1996; Hodges & Richardson, 1998). Having
just one of the many trunk muscles responding inappropriately can disrupt spinal stability and
lead to injury (McGill, 1999). Impairment in the neuromuscular control system can begin with
mechanoreceptors in the ligaments and muscles which can send corrupted signals to
neuromuscular control units. Neuromuscular control units will then respond with corrupted
muscle response patterns which can produce higher stresses or strains on tissues leading to pain

and injury (Panjabi, 2006).

Overall there has been a limited amount of research examining sex differences in
neuromuscular activation patterns of trunk muscles. Higher levels of co-activation, defined as the
simultaneous activity of various muscles acting around the same joint (Kellis et al., 2003), have
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been identified in women’s antagonist trunk musculature compared to men’s (Granata et al.,
2001; Granata et al., 2001) as well as in both women’s agonist and antagonist trunk musculature
(Anders et al., 2007; Marras et al., 2003). It is suggested that the co-activation of trunk
musculature is partially accounted for by muscular strength differences between sexes (Mannion
etal., 1997; Marras et al., 2001). However, differences have been shown to exist between sexes
in back extensor activation amplitudes even after tasks were adjusted to the individual’s strength
(Da Silva et al., 2009; Granata et al., 2001). Co-activation could instead be more prevalent in
women to compensate for their reduced passive stiffness (Hsu et al., 2006; Markolf et al., 1978;
Shultz et al., 2007). In that reduced stiffness of the passive tissues around a joint decreases the
overall joint stability and can increase the risk of musculoskeletal injury (Granata et al., 2002;
Granata, Wilson et al., 2002; Markolf et al., 1976; McGill et al., 1994), increased co-activation
of muscles around a joint, both agonist and antagonist, will increase the joint’s active stiffness

(Cholewicki et al., 1999), thus improving joint stability (Cholewicki et al., 1998).

Co-activation can be measured by activation amplitudes (Anders et al., 2007), co-
activation indices (Kellis et al., 2003) or onset and offset times (MacDonald et al., 2010). All of
these measures, however, are discrete measures which have a limited capacity when attempting
to describe dynamic tasks. Recent studies have instead started using pattern recognition
techniques on the temporal EMG waveforms, allowing the examination of both amplitude and
temporal characteristics of muscle activation for a wide group of muscles (Butler et al., 2010;
Hubley-Kozey et al., 2010; Ivanenko et al., 2004; Lamoth et al., 2006; Hubley-Kozey & Vezina
2002). Principal component analysis is explained in more detail by Ivanenko et al., 2004, as well
as in Appendix A, but briefly involves scoring each EMG waveform as to how similar it is to a

set of principal patterns generated that describe overall trends seen in the data. These scores can
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be used in statistical analysis to compare differences in EMG amplitude and temporal

characteristics.

A recent study (Hubley-Kozey et al., 2011) employed these pattern recognition
techniques to compare the temporal EMG responses of 24 trunk muscle sites between men and
women during a controlled lifting task. In addition to higher amplitudes, they demonstrated that
women had more temporal asynchronies among ipsilateral back (agonist) and abdominal
(antagonist) muscle sites compared to men, indicating that women performed the task in a less
coordinated fashion. The lifting task examined by Hubley-Kozey et al. recruits back extensor
muscles as the main agonists for the exercise. Abdominal muscles have been shown to play a
significant role in the development and treatment of low back pain (Bergmark, 1989; Ferreira et
al., 2004; Gardner-Morse & Stokes, 1998), but no work has examined if men and women show
similar differences in their neuromuscular control patterns during a task that primarily recruits

the abdominals.

The present study examined a dynamic stability exercise that challenged the abdominal
muscles. The trunk stability test (TST) is a dynamic leg lifting exercise focusing on maintaining
the spine in a neutral position as well as producing coordinated activity among muscle sites to
sustain lumbopelvic stability (Clarke-Davidson & Hubley-Kozey, 2005). Lumbopelvic stability
involves minimizing pelvic and lumbar motion by engaging the trunk musculature in the proper
sequence. Differences in muscle EMG activation amplitudes (Hubley-Kozey & Vezina, 2002;
Vezina & Hubley-Kozey, 2000) and temporal EMG patterns (Hubley-Kozey & Vezina, 2002)
during the TST between healthy individuals and those with chronic low back pain have been
described. Furthermore temporal patterns differences were found with aging (Hubley-Kozey et

al., 2009) and for those defined as physiologically stable and unstable (Hubley-Kozey et al.,
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2010). However, no research has analyzed whether men and women have different amplitude or

temporal EMG patterns during the TST.

The primary purpose of this study was to examine differences in muscular activation
patterns of trunk musculature in men and women during a dynamic leg-lifting task, the TST. It
was hypothesized that women would recruit higher overall EMG amplitudes in both abdominal
and back extensors, thus more co-activation than men during the TST. It was also hypothesized
that women would perform the task in a less coordinated fashion than men, thus, having more
temporal asynchronies between activation profiles of different muscles during the task. A
secondary purpose of this study was to assess the level of inter-subject variability within a group
of women compared to that found in a male group, to examine the overall level of variability
between the sexes.

4.2 Methodology

The sample used in this study was an age and BMI (body mass index) matched subset
from a pre-existing database of a larger group of healthy controls. Eighteen men and 19 women
aged 20 to 50 years participated after signing an informed consent form approved by the Health
Sciences Research Ethics Board at Dalhousie University. A schematic of the study design is
shown in Figure 4.1. All subjects were healthy as determined by a health screening
questionnaire. None had any history of low back pain or cardiovascular, neurological or other
orthopaedic conditions that would affect their ability to properly and safely participate in the
study. Age and anthropometric measures (mass, height, waist girth) were collected. Descriptive
statistics can be found in Table 4.1. Surface EMG and 3-dimensional pelvic motion was
collected during the TST from 6 bilateral abdominal muscle sites and 6 bilateral back muscle

sites.
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Figure 4.1: Schematic of study flow.

4.2.1 Surface EMG

The skin was prepared prior to electrode placement by shaving excess hair and abrading
with aqueous alcohol swabs. Twenty four pairs of Ag/AgCL surface electrodes (.79 cm?)
(Meditrace, Graphics Control Canada Ltd.) were placed in a bipolar configuration (30 mm inter-
electrode distance) over the 12-bilateral trunk muscle sites. Briefly, electrodes were placed over
the upper and lower rectus abdominis (LRA & URA) (Gilleard & Brown, 1994), external oblique
over anterior (EO1), lateral (EO2) and posterior fibers (EO3) (McGill, 1991; Ng et al., 1998;
Nouwen et al., 1987), internal oblique (I0) (Ng et al., 1998) and lumbar levels L1 and L3 at
approximately 3 and 6 cm from the midline (.13, L16, L33, L36) which correspond to the
longissimus and iliocostalis muscle sites (Vink et al., 1987). In addition, electrodes were placed
over the quadratus lumborum at L4 approximately 8 cm from the midline (L48) and multifidus at
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L5 approximately 1-2cm from the midline (L52) (Kavcic et al., 2004). The electrode placements
were standardised, with individual adjustments made where necessary based on variations in
anthropometrics. In addition, a set of validation exercises were performed in an attempt to isolate
individual muscles and ensure proper electrode function and placement (Kendall & McCreary,

1983) including trunk flexion and extension, rotations, hip hiking, and lateral bending.

4.2.2 Motion analysis

Angular motion of the pelvis was monitored throughout the task to ensure minimal pelvic
motion using the Flock of Birds™ (FOB) motion system (Ascension Technology Inc.,
Burlington, Vermont). A magnetic sensor was placed just inferior to the mid-point of the left
iliac crest (See Figure 3.1). This sensor recorded 6° of freedom (x,y and z displacements; and
roll, pitch and yaw rotations) with respect to a global coordinate axis system located in the FOB
source. The measurements were not directly related to the anatomical reference frame, however,
yaw corresponds to anterior/posterior tilt of the pelvis, pitch corresponds to horizontal rotation

(side to side) of the pelvis and roll corresponds to side flexion of the pelvis in the frontal plane.

4.2.3 Experimental task
The TST is divided into 5 separate levels. During this study participants performed three

trials of level 3 of the TST, which was the only level performed (See Figure 2.2). Prior to
beginning the task, subjects were instructed to perform an abdominal hollowing manoeuvre. The
timing of the task was monitored using event markers generated by pressure sensitive switches

located on the bottom of the right foot, the top of the right thigh, and the crossbeam.

4.2.4 Normalization exercises

Following the experimental task, eight different maximum voluntary isometric

contraction (MVIC) exercises were performed (Butler, Hubley-Kozey, & Kozey, 2009b)
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including a supine sit-up, sitting axial rotation to the right and left, side-lying lateral flexion to
the right and left with contralateral hip hike, prone back extension and prone back extension
coupled with axial rotation to the right and to the left. These exercises were designed to
selectively recruit each of the 12 bilateral muscle sites. By performing a wide range of exercises
it is ensured that each muscle has the opportunity to be recruited maximally. Standardized verbal
feedback was provided for all MVIC exercises. Each exercise was repeated twice and a two-

minute rest period was given between trials to minimize fatigue.

4.2.5 Data acquisition and processing

The EMG signals were pre-amplified (500x) and then amplified differentially (Bandpass
10-1000Hz; input impedance > 10GQ; CMRR 115dB) with three AMT-8 EMG systems (Bortec
Inc. Calgary, Alberta). The analog signal was sampled at 2000Hz using a 16-bit analogue-to-
digital (A/D) converter (National instruments, CA-1000) using LABVIEW™. FOB data was
simultaneously collected using LABVIEW ™ on a separate computer and sampled at 50Hz using
a 12-bit analogue-to-digital converter (National Instruments, CA-1000). EMG and FOB data

were synchronized using the event markers.

Custom programs in Matlab® (MathWorks, Inc., Natick, MA, Version 7.3) were used to
process the EMG and FOB data. The details of processing are published elsewhere (Butler,
Hubley-Kozey, & Kozey, 2009b). Briefly, the EMG data were filtered with a recursive fifth
order Butterworth high pass filter at 30Hz to remove ECG artifact (Butler et al., 2009). The
power spectrum was calculated for each EMG signal and if low level noise from the FOB system
was detected it was removed with an inverse Fast Fourier transform. All EMG data were
corrected for bias and gain, full wave-rectified and low pass filtered at 6Hz with a second order

Butterworth recursive low pass filter to create a linear envelope profile. The linear envelope data
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was time normalized to 100% movement using a linear interpolation algorithm and then
amplitude normalized to the highest EMG activity from the MVIC exercises (Vezina & Hubley-
Kozey, 2000). FOB motion data was filtered at 1Hz with a recursive second order Butterworth
low pass filter and the maximal angular displacements for roll, pitch and yaw relative to the

global coordinate system were calculated for each leg extension phase.

4.2.6 EMG data analyses

Principal component analysis (PCA) was used to extract characteristics from the EMG
waveform data (Hubley-Kozey & Vezina, 2002; Jackson, 1991). PCA was applied to the time
normalized EMG data to reduce the multi-dimensional nature of the data and extract important
features of variability. PCA models were constructed separately for the back extensor and
abdominal EMG waveforms. This was done because the temporal characteristics of the
abdominal and back muscles differ, and the higher amplitude waveforms of the abdominals
would have dominated the variance in the data, resulting in the back muscles being poorly
described. Details of the PCA process are described in Appendix A as well as elsewhere
(Hubley-Kozey & Vezina, 2002; Hubley-Kozey et al., 2009) but briefly a covariance matrix, S
(101x101) was calculated from the variances and covariances of time-normalized EMG
waveforms (444 x 101, 37 subjects x 12 muscles = 444) upon which an eigenvector
decomposition was performed. This resulted in the formation of an orthogonal transformation
matrix composed of a series of eigenvectors, also called principal components (PCs), which
describe the principal patterns of variation seen in the EMG waveforms. Each EMG waveform
was given a Z score, also called a PC score, based on how closely it matched each of the PCs. PC
scores could then be used in inferential statistics, allowing quantitative statistical analysis of the

patterns seen in the EMG data.
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4.2.7 Statistical analysis

Descriptive statistics were calculated for all variables and t-tests were performed to test
for sex differences. A mixed model two factor (sex, muscle) general linear ANOVA model
(0=0.05) tested for differences in PC scores for the back extensors and abdominal muscles
separately. Assumptions of normality and homogeneity of variance were examined with data
transformations performed where necessary, using a Johnson transform. Post-hoc Tukey pair-
wise comparisons were performed on any significant findings. All statistical analyses were

performed using Minitab™

(Minitab Inc., State College, PA, Version 15). Inter-subject
variability was assessed using standard deviations of PC scores. The standard deviations between
PC scores for each muscle site were calculated for men and women separately. This resulted in
12 standard deviation values for each sex (one per muscle site) for each of the 6 PCs used (three
abdominal PCs and three back extensor PCs). Differences in standard deviations in PC scores for
each PC between sexes were assessed using T-tests (a = 0.05), comparing the 12 standard
deviation values for the female muscle sites to the 12 standard deviation values for the male
muscle sites.
4.3 Results

Descriptive data for men and women are found in Table 4.1. No significant differences

were found in age or BMI between the groups; however, men had significantly higher mass,

height and waist girth compared to women.

Table 4.1: Subject demographics. Bolded values are significantly different between sexes.

Age (yrs) Mass (kg) Height (cm) BMI Waist girth (cm)
Men (n=18) 30.1+7.4 78.8 £11.3 179.1 £ 6.5 24.5+£2.8 82.6+7.3
Women (n=19) | 31.2+8.6 61.6 +12.0 164.5+4.3 22.7+4.0 73.4+9.8
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Data from the FOB motion sensor indicated that pelvic motion was less than 5° in all
three directions (See Table 4.2). The greatest motion was seen in roll (4.3 + 1.7 degrees in men
and 3.5 + 1.8 degrees in women), which corresponds to side flexion of the pelvis in the frontal
plane (See Figure 3.1 for visual of yaw, pitch and roll orientations). There was no significant
difference between the sexes in motion in any of the directions (o = 0.05), thus confirming that
similar pelvic motion occurred during the testing and that pelvic motion did not likely add to any

sex differences observed.

Table 4.2: Pelvic motion data. No significant difference (p<0.05 between sexes).

Ant/Post Tilt (Yaw) Hor Rotation (Pitch) Side Flexion (Roll)
Men 30+£1.9 23+13 43+1.7
Women 29+09 27+1.1 35+1.8

Note: Ant/Post = Anterior/Poster and Hor = Horizontal.

Women performed the task in 7.2 + 0.4 seconds, which was significantly faster than the
7.4 + 0.4 seconds demonstrated by the men. Despite being only 3.5% faster (less than half a
second), significance was achieved due to the low variability in this highly constrained task.
When each phase of the motion was examined separately women performed each phase slightly

faster than men, significantly so in the leg lift phase (See Table 4.3).

Table 4.3: Motion time for the entire task as well as each separate phase of the task (leg lift, leg
extension and leg lower) separated by sex. Significant differences are bolded.

Total time (s) Leg lift (s) Leg extension (s) Leg lower (s)
Men 7.4 +0.4 2.1+0.2 3.1+£0.3 22+0.2
Women 7.2+0.4 1.9+£0.2 3.1+£0.3 22+0.3

4.3.1 Abdominal EMG waveform analysis

Average EMG waveforms for all abdominal muscle sites and both sexes during the TST

task are depicted in Figure 4.2. Approximately 88% of the variance in the abdominal waveform
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data is explained by three PCs generated by the PCA for the abdominal data (See Figure 4.3).
PC1 captured the overall amplitude and shape characteristics of the waveforms (See Figure
4.3A) and the PC1 score is highly correlated to RMS amplitude (Hubley-Kozey et al., 2009).
PC2 captured a difference in activity between the early part of the movement and mid-
movement. Muscles with high PC2 scores increased their activity in response to the leg
extension portion of the task, whereas muscles with low PC2 scores pre-activated to a high level
and then decreased activity and maintained a consistent level of activity throughout the entire
task (See Figure 4.3B). PC3 captured a spike in activity at about 15% movement time
corresponding to when the left leg was lifted off the bed (See Figure 4.3C) compared to activity
at the end of the task. Representative high and low scoring curves for each of the 3 PCs are also

depicted in Figure 4.3D, 4.3E and 4.3F.
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Figure 4.2: Ensemble average EMG waveforms for each of the 12 abdominal muscle sites. Averaged
waveforms for women are shown in red and for men are shown in blue. RLRA = right lower rectus
abdominus; LLRA = left lower rectus abdominus; RURA = right upper rectus abdominus; LURA = left
upper rectus abdominus; REO1= right external oblique site 1; LEO1 = left external oblique site 1; REO2=
right external oblique site 2; LEO2 = left external oblique site 2; REO3= right external oblique site 3;
LEO3 = left external oblique site 3; RIO = right internal oblique; LIO = left internal oblique
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Figure 4.3: First 3 principal components for the abdominal muscles. Blue shading on curves A, B and C

indicate portions of the curve where the most variance in the data is described by the PC . A) PC1 which
explains 79.2% of the waveform variance; B) PC2 which explains 6.1% of the variance; C) PC3 which
explains 2.4% of the variance; D-F) High and low scoring curves for PCs 1-3 respectively, with high
scores shown in blue and low scores shown in red, and the average high and average low scores in bold.

The ANOVA for the abdominal PC1 scores revealed significant main effects for sex (p <
0.001) and muscles (p < 0.001) as well as a significant sex and muscles interaction effect
(p=0.033). Post hoc results for the significant interactions showed that women had significantly
higher PC1 scores than men for 8 of the 12 abdominal muscle sites (RLRA, LLRA, RURA,
LURA, REOI, LEO1, RIO and LIO). Women also had fewer inter-muscle differences between

abdominal PC1 scores than men did. The interaction effects are shown in Table 4.4.

PC2 results indicate significant main effects for sex (p=0.025) and muscles (p < 0.001).
Women have significantly higher PC2 scores in their abdominal muscle sites (1.27 + 34)

compared to men (-1.41 + 25). The significant between muscle site differences are depicted in

Table 4.4.
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PC3 results indicate significant main effects for sex (p=0.004) and muscles (p < 0.001).
Women have significantly higher PC3 scores in their abdominal muscle sites (0.77 + 21)
compared to men (-0.86 + 17). The significant between muscle site differences are depicted in

Table 4.4.

Table 4.4: Average PC scores and standard deviations for significant interactions and muscle main
effects for all 12 abdominal muscle sites for PC1-3. Statistically significant sex differences in PCI1 scores
bolded. Inter-muscle differences for men and for women are indicated with symbols (see Table caption).

PC1 PC2 PC3
Men Women

(1) RLRA -65.1 (71.9) 39.2 (100.4) 20.1 (20.6) # | 0.33 (21.8)
(2) LLRA -72.7 (62.5) # | 20.8 (93.1) 16.8 (17.2)# | 3.38 (15.4)
(3) RURA -83.4 (62.5) ¢ | 13.8 (103.1) 13.4(19.2) a | -3.60 (14.9)
(4) LURA -82.8 (58.8) ¢ | -3.3 (83.5) 156 (14.7)# | -0.97 (12.5)
(5) REO1 -30.0 (85.9) 67.1 (129.6) -8.2 (38.8) 4.67 (21.5) 6
(6) LEO1 -48.1 (59.5) 77.6 (151.6) -12.5(289)B | 5.76 (22.1) B
(7) REO2 -7.1 (50.0) 76.2 (134.1) -2.8(18.6) 6 -4.86 (19.1)
(8) LEO2 -16.0 (60.7) 55.8 (101.5) -0.46 (19.4) ¢ | 1.21 (20.58)
(9) REO3 -5.7 (82.9) 55.2 (86.3) 091 (19.3) ¢ | -8.93(20.15) a
(10) LEO3 | -21.4 (77.3) 36.8 (121.4) 4.04 (16.8) o | -2.88 (13.9)
(11) RIO -80.5 (63.5) ¢ | 47.9 (91.1) -21.6 (31.5) -1.35 (18.03)
(12) LIO -79.0 (60.0) ¢ | 45.6 (163.4) -25.3(51.2) 7.25 (22.0) #

Bolded numbers indicate a significant sex effect.

For PC1: For men: #LLRA is significantly different than REO2 and REO3; eERURA, LURA, RIO and LIO are
significantly different than REO2, LEO2 and REO3. For women: No inter-muscle differences.

For PC2: #RLRA, LLRA and LURA are significantly different from REO1, LEO1, REO2, LEO2, REO3, LEO3,
RIO and LIO; aRURA is significantly different from REO1, LEO1, REO2, LEO2, REO3, RIO and LIO; § LEO1 is
significantly different from REO3 and LEO3; 6REO?2 is significantly different from RIO; pLEO2, REO3and LEO3
are significantly different from RIO and LIO.

For PC3: #LIO is significantly different from RLRA, RURA, LURA, REO2, REO3, LEO3 and RIO; aREO3 is
significantly different from LLRA, REO1, LEO1 and LEO2; BLEO1 is significantly different from RURA, REO2
and LEO3; 6REOL is significantly different from RURA and REO2.

4.3.2. Back extensor EMG waveform analysis

EMG waveforms for all back muscle site and both sexes during the TST task are depicted
in Figure 4.4. 93.1% of the variance in the back waveform data was explained by three PCs
generated by the PCA (See Figure 4.5). As in the abdominal data, PC1 captured the overall

amplitude and shape characteristics of the waveforms (See Figure 4.5A) and PC1 score is highly
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correlated to RMS amplitude (Hubley-Kozey et al., 2009). PC2 was a difference operator
between the phases in the first 50% of the motion, it captured a lower amplitude during the first
25% and an increased amplitude during the middle of the motion (See Figure 4.5B). PC3
captured a pattern of varied amplitude in the signal over the first 20% of the movement with

increased initial amplitude (See Figure 4.5C).
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Figure 4.4: Ensemble average EMG waveforms for each of the 12 back muscle sites. Averaged
waveforms for women are shown in red and for men are shown in blue. RL13= right medial erector
spinae (level L1); LL13= left medial erector spinae (level L1); RL16= right lateral erector spinae (level
L1); LL16= left lateral erector spinae (level L1); RL33= right medial erector spinae (level L3); LL33=
left medial erector spinae (level L3); RL36= right lateral erector spinae (level L3); LL36= left lateral
erector spinae (level L.3); RL48 = right quadratus lumborum; LL48 = left quadratus lumborum; RL52 =
right multifidus; LL52 = left multifidus.
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Figure 4.5: First 3 principal components for the back muscles. Blue shading on curves A, B and C
indicate portions of the curve where the most variance in the data is described by the PC. A) PC1 which
explains 86.2% of the waveform variance; B) PC2 which explains 4.2% of the variance; C) PC3 which
explains 2.7% of the variance; D-F) High and low scoring curves for PC1-3 respectively with high scores
shown in blue and low scores shown in red, and with the average high and average low scores bolded.

PC1 results indicate significant main effects for sex (p=0.000) and muscles (p=0.000) and
a significant sex and muscles interaction effect (p=0.049). Post hoc of the interaction found that
women had higher PC1 scores for 5 or the 12 back muscle sites (LL33, RL36, RL48, RL52 and
LL52). Women showed more inter- muscle variability in PC1 scores than men. PC1 scores for

men and women for each muscle site are depicted in Table 4.5.

PC2 results indicate significant main effects for sex (p=0.000) and muscles
(p=0.007).Women had significantly lower PC2 scores in their back muscle sites (-1.28 £ 5.3)

compared to men (1.43 £ 9.3). The significant between muscle site differences are depicted in

Table 4.5.

PC3 results indicate significant main effects for sex (p=0.028) and muscles (p=0.000)

with the sex by muscles interaction effect showing a trend (p=0.061). Women have
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significantly lower PC3 scores in their back muscle sites (-0.038 £ 6.5) compared to men (0.001

+ 5.76). The significant between muscle site differences are depicted in Table 4.5.

Table 4.5: Average PC scores and standard deviations for significant interactions and muscle main
effects for all 12 back muscle sites for PC1-3. Statistically significant sex differences in PC scores are
bolded. Inter-muscle differences for men and for women are indicated with symbols (See caption below
Table).

PCl1 PC2 PC3
Men Women

(1)RL13 | -19.34 (12.0)# | -10.55(17.2) a -0.84 (4.5) -1.78 (4.2) #a
(2) LL13 | -18.32(13.3)# | -14.20(11.9)af | 0.31 (3.3) -0.069 (3.5) 6
(3) RL16 | -10.73 (15.4) 5.74 (23.9) -2.44 (5.7) -5.21(8.4) B
(4)LL16 |-5.73 (31.9) -4.09 (16.7) 6 0.86 (3.7) 1.98 (7.6)
(5)RL33 | -8.02(38.8) 3.08(36.7) 0.020 (4.7) 0.89 (4.6)
(6) LL33 | -12.21 (27.7) ¢ 6.17 (49.0) 6 0.65(3.4) 2.46 (5.7)
(7)RL36 | -6.20 (47.2): | 1.63(26.7) ¢ 2.56 (18.0) # 220 (8.5) #
(8) LL36 | -6.17 (39.6) 4.88 (47.7) & 2.64 (12.3) # 1.71 (3.6)
(9) RL48 | -0.12 (26.9) 31.18 (48.1) -1.71 (4.9) -1.59 (6.0) @
(10)LL48 | 0.89 (22.7) 18.90 (39.0) 0.25 (4.0) 2.06 (4.9)
(11)RLS52 | -8.63 (18.3) 25.63 (42.9) -0.91 (5.8) 0.86 (5.6)
(12)LL52 | -9.32(19.56) | 25.12 (40.3) -1.39 (4.7) 0.89 (4.6)

Bolded numbers indicate a significant sex effect.

For PC1: For men, #RL13 and LL13 sites are significantly different from RL48 and LL4S8 sites; e[LL.33 and RL36
sites are significantly different from LL48 site. For women, aRL13 and LL13 sites are significantly different from
RL48, LL48, RL52 and LL52 sites; BLL13 is significantly different from RL16 site; 6LL16, RL33, LL33, LL36
sites are significantly different than RL48, RL52 and LL52 sites; pRL36 site is significantly different than RL48 and
RL52.

For PC2: #RL36 and LL36 are significantly different from RL16 and RL48.

For PC3: #RL13 and RL36 are significantly different than LL16, RL33, LL33, LL36, LL48 and RL52; oo RL13 is
significantly different than LL52; BRL16 is significantly different from all muscle sites except RL13; 6LL13 is
significantly different from LL36 and LL48; ¢RL48 is significantly different from LL16, LL33, LL36, LL48 and
RL52.

4.3.3 Inter-subject differences

The amount of variability between men and women was assessed by calculating the
standard deviations of PC scores generated for each of the 6 PCs evaluated (see Table 4.6).
While women had higher standard deviations for all PC scores compared to men, only PC1 and
PC3 scores from the abdominal muscles were significantly higher (p<0.05). The differences in
standard deviations for PC2 in the abdominals and PC1 in the back extensors showed a trend that

nearly reached significance (p-values of 0.076 and 0.077 respectively).
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Table 4.6: Average standard deviations of PC scores (PC1-3) between subjects for men and women for
the abdominal and back. * equals significant at o = 0.05.

Abdominals Back
Women Men P-Value Women Men P-Value
PC1 113.0 (26.3) | 66.5(10.8) 0.0000 * 38.6 (13.5) | 27.8(11.1) 0.077
PC2 27.7(12.7) | 21.0(9.0) 0.076 6.9 (1.2) 5.8 (4.7) 0.397
PC3 20.6 (4.5) 15.5(5.1) 0.008 * 6.6 (1.9) 5.7@3.1) 0.245

4.4 Discussion
The dominant amplitude and temporal features in the EMG waveforms were captured by

three principal patterns from the two PCA models (abdominals and back extensors). In the
abdominal EMG waveforms approximately 88% of the variation was captured by these three
patterns and in the back EMG waveforms the three principal patterns captured 93% of the
variation (Figures 4.3 & 4.5). PC1 scores from both models captured amplitude differences
(Hubley-Kozey et al., 2009) between waveforms, representing overall level of recruitment of
various muscles. PC2 and PC3 from both models identified unique temporal characteristics
within the waveform data set. The purpose of this study was to determine whether both
amplitude and temporal differences existed in trunk muscle response patterns between men and

women while performing the TST.

4.4.1 Amplitude characteristics and co-activation

First, when examining the abdominal muscles amplitude (PC1 scores), differences were
found between sexes for all 12 muscle sites examined, with women showing higher PC1 scores.
In 8 of the 12 abdominal muscles (RURA, LURA, RLRA, LLRA, REO1, LEOI, RIO and LIO)
women had significantly higher PC1 scores compared to men (see Table 4.4). This confirms the
first hypothesis that women would have higher amplitude responses to the task than men, but
suggests that it is muscle specific, with all four EO2 and EO3 muscle sites not being recruited to

higher levels in women compared to men. The fact that the increase in activation amplitude in
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women’s abdominal muscles compared to men’s is not consistent across all muscle sites
indicates that differences could not all be attributed to strength difference between the sexes or
by a difference between the sexes in their abilities to maximally recruit their muscles through the
normalizations only. If this were true, then a consistent difference in activation amplitudes
between the sexes would be expected. Instead these results indicate that in addition to strength
differences between the sexes there are also muscle-specific recruitment and activation

amplitude differences.

Women also demonstrated fewer differences in PC1 scores among abdominal muscles
than men did (see Table 4.4). Men had a total of fourteen significant differences between PC1
scores of the different abdominal muscles whereas women had no significant differences. Since
the PC1 score represents the overall amplitude and shape of the EMG response this indicates that
women recruited their abdominal muscles to higher yet more similar amplitudes than men, who
were better able to selectively recruit specific abdominal muscles as needed. This similar
amplitude has been referred to as abdominal bracing (Allison, Godfrey, & Robinson, 1998) and
was found in healthy asymptomatic individuals previously for only the highest and most
demanding level (level 5) of the trunk stability test (Clarke-Davidson & Hubley-Kozey, 2005).
This indicates that the abdominal bracing response may only be recruited when lumbopelvic
stability is most challenged. Clarke-Davidson et al., 2005, included both men and women in their
subject pool and did not separate for sex, thus it is possible that had they separated their results

by sex they may have found similar bracing patterns in the women’s data for level 3 of the TST.

The back extensors represent the antagonist muscles during the TST task. Again, women
had higher amplitudes (PC1 scores) for all 12 back muscles examined compared to men,

although only 5 of the differences were statistically significant between the sexes (LL33, RL36,

65



RLA48, RL52 and LL52). Only low levels of back extensor activations (3% MVIC) are necessary
to maintain spinal stability (Cholewicki et al., 1997; Cholewicki & VanVliet, 2002), therefore,
this higher level of back extensor activation in women may be adding to stability by increasing

the total muscle activity, or co-activation, around the spine.

Previous authors have reported similar results of higher muscle activation amplitudes in
women when compared to men, both in their agonist and antagonist muscle groups, during tasks
that challenge the trunk musculature (Anders et al., 2007; Marras et al., 2003). Other authors,
however, describe women having higher activation amplitudes in their antagonists only (Granata
& Orishimo, 2001; Granata et al., 2001; Hubley-Kozey et al., 2011). However, not all work
agrees and it has also been reported that no differences in activation amplitude levels exist
between the sexes during standing (Nelson-Wong & Callaghan, 2010). Increased EMG
amplitudes in women are not only explained by the sex difference in muscular strength (Mannion
et al., 1997; Marras et al., 2001; Miller, MacDougall, Tarnopolsky, & Sale, 1993; Wust, Morse,
de Haan, Jones, & Degens, 2008), as it has been shown that even when a task was adjusted to an
individual’s strength, differences still exist between activation amplitudes of men and women
(Da Silva et al., 2009; Granata et al., 2001). In the present study the load was imposed on the
subject’s trunk musculature via force vectors from lifting their own legs, creating an external hip
extensor moment. This moment is countered by contraction of the hip flexors, mainly the rectus
femoris and psoas. The psoas originates from lumbar vertebrae at levels L4 and L5 and inserts on
the lesser trochanter of the femur, therefore its contraction imposes downward anterior forces
onto the spine. The rectus femoris originates on the anterior inferior iliac spine and inserts into
the patellar tendon, therefore its contraction during hip flexion imposes forces that act to

anteriorly tilt the pelvis. This moment of force magnitude will be relative to the mass of the
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subject’s legs as well as the moment arm length of the legs and the speed at which the legs are
lifted. Therefore, while not standardized to a set torque level, it was relative to the individual’s
body mass and size. In this sense, the absolute demand for the women was less than that for men,
as they had significantly lower mass and height (see Table 4.1). This strengthens the possibility
that sex differences in activation amplitudes seen in this study are due to more than just strength
differences between the sexes since women still displayed higher activation levels even though

the load they were lifting was on average less.

It has been demonstrated that women have decreased passive tissue stiffness compared to
men (Hsu et al., 2006; Markolf et al., 1976; Shultz et al., 2007). Decreased stiffness of passive
tissues around a joint can challenge the stability of a joint. Women have also been shown to have
smoother articular cartilage in their sacroiliac (SI) joint compared to men who have rougher
cartilage with more grooves and divots (Vleeming, Volkers et al., 1990). Rougher cartilage
provides more friction in the SI joint which improves its stability (Bowen & Cassidy, 1981;
Pool-Goudzwaard et al., 1998; Vleeming et al., 1990). This reduction in women’s passive
stabilizing subsystem would result in the other subsystems needing to compensate, in this case,
resulting in a greater contribution to stability coming from the active and neural subsystems
through muscular activation (Panjabi, 1992). Increased simultaneous muscular activation around
a joint is referred to as co-activation (Kellis et al., 2003). As previously mentioned, co-activation
can come in the form of agonist co-activation or antagonist co-activation. In this study,
simultaneous higher activation of the abdominal muscles is referred to as agonist co-activation
and simultaneous higher activation of the back extensor muscles is referred to as antagonist co-

activation. Our results demonstrate that women show both higher agonist and antagonist co-
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activation compared to men, which is in agreement with results published by Anders et al., 2007,

and Marras et al., 2003.

Co-activation has been shown to increase the stability of a joint, protecting it against
damage caused by perturbations (Gardner-Morse & Stokes, 1998). As women have been shown
to have reduced passive stiffness and less stable SI joints compared to men, it follows that they
would also demonstrate more co-activation. However even though co-activation is able to
benefit the spinal system through increased stability it comes with a trade-off of increasing the
compressive and shear loads on the spine (Granata & Marras, 1995; Thelen et al., 1995).
Antagonist co-activation increases the extra load on the spine even more than agonist co-
activation, since not only is it imposing its own muscle forces, but also the presence of antagonist
moments will create the necessity for increased agonist moments to produce the desired resultant

force.

Co-activation, though it does increase the loading on the spine, can be beneficial if it is
the only way for the spinal system to generate enough stability to protect itself from excessive
movement following a perturbation. If instability were to occur it could result in injuries due to
movement of the spinal tissues outside of their physiological limits (Panjabi, 1992). The higher
long-term loading from co-activation may be necessary to avoid these acute, instability-related
injuries. However, if a system is able to generate enough stability to prevent instability-related
injuries without co-activation, through more stable passive structures etc., this may be the best
alternative. Men are able to perform the TST task with less co-activation than women and still
maintain the same level of low pelvic motion throughout the task (see Table 4.2). Therefore, it
seems that women may have a passive stability disadvantage compared to men, supported by

findings related to passive stiffness (Hsu et al., 2006; Markolf et al., 1976; Shultz et al., 2007)
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and SI joint mobility (Vleeming, Volkers et al., 1990). This reduced natural stability results in
women requiring more active stability to perform the TST with minimal pelvic motion. This
active stability is obtained through increased agonist and antagonist co-activation, as shown by
our results as well as those of others (Anders et al., 2007; Marras et al., 2003), which increases
the overall spinal loads on the female spine and may help explain the higher back injury rates

seen in women compared to men.

4.4.2 Temporal characteristics

The second and third PCs captured temporal characteristics within the waveforms. For
the abdominal data, PC2 captured a pattern of responsiveness to the leg lifting task reflected by
low activity at the beginning and end of the task relative to in the middle of the task when the
right leg was extending. The right leg extension is the most challenging part of the task due to
the increased moment arm generated by the fully extended leg. Women showed significantly
higher PC2 scores in their abdominal muscles compared to men. So in addition to the overall
increase as illustrated by PC1, women had a selective increase in abdominal muscle activity, and
therefore agonist co-activation, during the leg extension portion of the movement when there was

an increased relative demand to maintain lumbopelvic stability.

PC3 captured a spike in activity seen at 15% of the movement time corresponding to
when the second (left) leg was lifted off the bed compared to activity later in the task. Women
had significantly higher PC3 scores in their abdominal muscles than men and this initial spike in
activity corresponds with women completing this phase faster than men. Hubley-Kozey et al.,
2010, reported that an increased level of activity at this time point was characteristic of
individuals who were unable to maintain lumbopelvic stability while performing the TST.

Therefore the higher PC3 scores seen in women may indicate that it is harder for women to
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maintain lumbopelvic stability during the leg lift portion of the task compared to men. This
results in women responding with a muscle response that does not fully match the demands of
the task, having either misaligned feed-forward (from motor cortex) or feed-back mechanisms
(from reflex pathways) resulting in an over-recruitment of motor units with women lifting their

leg in a slightly faster and possibly more uncontrolled fashion.

Temporal coordination of the back extensor sites are captured with PC2 and PC3. PC2
captures responsiveness over the first 20% of the movement corresponding to when the second
(left) leg is lifted off the bed. Men had significantly higher PC2 scores in their back extensors
than women, indicating that their back extensor muscle activation is more responsive to the leg
lifting demand. Men had significantly higher PC3 scores in their back extensor muscle sites than
women, indicating that they had an increase in activity of their back extensors in the middle of
the task relative to the beginning and end. This increase in activity in the middle of the task is in
response to the demand on the trunk during leg extension. This finding coupled with the finding
of higher EMG amplitudes in the female back extensors compared to the male back extensors
indicates that women, consistent with the abdominal findings, may be using their back extensors
in more of a continuous ‘bracing’ fashion compared to men, who demonstrate a more selective

response in their back muscle activation patterns.

4.4.3 Inter-muscle variability

When comparing differences in muscle responses within women and within men, some
interesting trends emerge. As mentioned earlier, women showed fewer differences among PC1
scores for individual abdominal sites than men did (see Table 4.4). This supports the idea that
women have higher levels of agonist co-activation than men as they recruit all their abdominal

muscles to similar amplitudes to achieve increased stability, whereas men are able to selectively
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recruit abdominal muscles as needed. However when examining PC1 scores in the back
extensors this trend is reversed, more inter-muscle differences are seen in women compared to
men (see Table 4.5). The second hypothesis of the study was that women would have more
temporal asynchronies between activation profiles of different muscles during the task compared
to men. PC2 and PC3 represent temporal variations in the EMG waveforms as opposed to the
overall amplitude captured by PC1. However, no significant sex and muscle interaction effects
were found for any of the temporal PCs, indicating that both men and women demonstrated
similar inter-muscle differences. This contrasts the significant interaction found for sex and trunk
muscles reported during a lift and replace task (Hubley-Kozey et al., 2011). Women showed
more EMG temporal asynchronies between ipsilateral agonist muscles (back extensors) than
men. Women also showed more significant differences between sides and among ipsilateral
antagonist muscles (abdominals). It is unclear why the results of these studies are different. One
possible explanation is that the lift and replace task (Hubley-Kozey et al., 2011) imposed less
demand on the musculature (no muscles recruited over 30% MVIC) compared to the TST, which
recruited some muscle sites up to 40% MVIC. A higher demanding task could possibly increase
the need for stability through co-activation, which could lead to a decrease in inter-muscle

temporal differences seen as muscles would instead be recruited in a ‘bracing’ fashion.

4.4.4 Inter-subject variability

Another interesting finding is that women showed more inter-subject variability than men
as depicted by the higher standard deviations in PC scores among women compared to among
men for two abdominal characteristics (PC1 and PC3) (See Table 4.6). Women also showed
higher standard deviations in their PC2 scores in the abdominals and their PC1 scores in the back

extensors compared to men, though the differences did not attain significance. A similar feature
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to the spike in activity seen in PC3 in the abdominal muscles in this study was identified in
another study as a main differentiator between those who could maintain lumbopelvic stability
throughout the TST and those who could not (Hubley-Kozey et al., 2010). Therefore, the larger
variability seen in PC3 scores in women could indicate that within the population of women
tested some are able to maintain lumbopelvic stability throughout the task and some are not. As a
group the abdominal muscle responses of women to the TST task were more varied than men. It
is unclear why this variability exists more in women than in men. A potential explanation may be
that increased variability may arise as a result of changes in the neuromuscular control system
over the course of a women’s menstrual cycle. Recent studies have found that neuromuscular
control can be affected by the menstrual cycle in women (Dedrick et al., 2006; Friden et al.,
2003; Friden et al., 2005). This suggests that the variability seen in women’s data may be due to
women’s neuromuscular activation patterns of the trunk musculature being better suited to

maintain lumbopelvic stability at one time in their menstrual cycle compared to others.

4.4.5 Conclusion

In conclusion, the results of this study partially confirm the first hypothesis showing that
women recruited several of their abdominal muscles to higher amplitudes than men to perform
the TST. Overall women had higher back extensor activity, thus responded to the TST task with
higher amounts of agonist and antagonist co-activation compared to men. There were fewer
differences among muscle sites indicative of women using a bracing strategy to complete the
task and maintain stability. Women had a greater relative increase in abdominal activation during
the leg extension portion of the task (PC2 scores) indicative of a greater challenge to maintain

lumbopelvic stability compared to men.
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Women demonstrated an increased burst in abdominal muscle activation in response to
the second leg being lifted during the task compared to men, which is similar to a pattern seen in
individuals who were unable to maintain lumbopelvic stability throughout the TST (Hubley-
Kozey et al., 2010). Women did not show more temporal asynchronies in muscular activation
patterns compared to men, which rejects the second study hypothesis. Women did show more
inter-subject variations in muscle response patterns to the task than men. This suggests that as a
population women respond to the task with a wider range of muscle recruitment strategies than

men.
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Chapter 5: Effect of the Female Menstrual Cycle on Neuromuscular Control of Trunk
Musculature.

5.1 Introduction
Women sustain noncontact musculoskeletal injuries at higher rates than men. A variety of

explanations have been provided, such as physiological and anatomical differences between the
sexes like smaller tendon cross-sectional areas in women (Pichler et al., 2008), different muscle
composition (Thorstensson & Carlson, 1987) and lower musculoskeletal stiffness in women
(Granata et al., 2002; Granata, Wilson et al., 2002). One other potential mechanism that has
recently been examined is that women have altered neuromuscular control patterns compared to
men (Ford et al., 2003; Granata & Orishimo, 2001; Granata et al., 2001; Hewett et al., 2004;
Hewett & Myer, 2011; Hubley-Kozey et al., 2011) which could increase their risk of injury.
Furthermore, women, compared to men, have been shown to have a greater amount of variability
in neuromuscular responses between individuals, as was shown in Chapter 4. It was
hypothesized that this variability in neuromuscular responses between women may result from

effects that the menstrual cycle has on neuromuscular control.

Over the course of the menstrual cycle, women experience large fluctuations in estrogen
and progesterone concentrations with estrogen peaking at ovulation and progesterone rising over
the second half of a woman’s cycle. Women have been shown to sustain injuries at a higher rate
at specific times in their menstrual cycle. ACL injuries are more prevalent during the pre-
ovulatory phase of their menstrual cycle, where estrogen levels are elevating to their highest
point (Hewett et al., 2007; Shultz et al., 2010). It has been suggested that the fluctuations in sex
hormone levels may play a role in why women are more susceptible to injuries at specific times
in their cycles. However, the effect of menstrual cycle phase on prevalence of back injuries in

women is unclear.
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Estrogen concentrations have been shown to be linked to mechanical tissue properties.
Longer term elevated estrogen concentrations results in decreased density and synthesis rate of
the stability-providing molecule collagen (Lee et al., 2004; Liu, Al-Shaikh, Panossian, Finerman,
& Lane, 1997; Miller et al., 2007), and thus decreased stiffness and stability of a joint (Smith et
al., 1993). Women have consistently higher levels of estrogen than men, providing a plausible
explanation why women exhibit decreased tendon and ligament stiffness when compared to men
(Hsu et al., 2006; Markolf et al., 1978; Shultz et al., 2007). However, the effect of shorter term

changes in estrogen levels, such as over the course of the menstrual cycle, is less clear.

A large number of studies have examined the effect that the menstrual cycle has on
mechanical properties of passive tissue. About equal numbers of studies have found no
association between menstrual cycle phase and mechanical properties of passive tissues behavior
(Arnold et al., 2002; Beynnon et al., 2005; Bryant et al., 2008; Karageanes et al., 2000; Lovering
& Romani, 2005; Miller et al., 2007; Romani et al., 2003; Van Lunen et al., 2003; Warden et al.,
2006) as have found an association (Deie et al., 2002; Eiling et al., 2007; Heitz et al., 1999;
Romani et al., 2001; Shultz et al., 2004). A review of the literature by Zazulak et al., 2006,
specifically stated that 6 out of 9 prospective cohort studies did not show any correlation
between ACL laxity and menstrual cycle phase (Zazulak et al., 2006). Research has also been
conducted on how the menstrual cycle could affect the injury susceptibility of a joint through
systems other than passive tissues. The stability of a joint is said to be controlled by three main
subsystems; the passive musculoskeletal subsystem, the active musculoskeletal subsystem and
the neural feedback subsystem (Panjabi, 1992). Therefore, if the menstrual cycle does not have a

clear effect on the passive musculoskeletal subsystem, it may be affecting joint stability and
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injury susceptibility through either the active musculoskeletal subsystem or the neural feedback

subsystem.

Previous work has reported the presences of estrogen receptors alpha and beta in skeletal
muscles (Lemoine et al., 2003; Wilk et al., 2005), providing a possible link between hormone
fluctuations over the menstrual cycle and the active neuromuscular subsystem. However, it may
be that the menstrual cycle has a larger effect on neuromuscular control, as opposed to the
specific mechanical properties of the muscular subsystem. While fluctuations in sex hormones
do not appear to affect muscular fatigability or muscle strength in women (Janse de Jonge et al.,
2001; Lebrun et al., 1995), a limited amount of work has examined whether acute changes in sex
hormones, such as over the course of a menstrual cycle, affect neuromuscular control strategies
in women. Friden and colleagues (Friden et al., 2003; Friden et al., 2005) found that a women’s
postural control has the most sway in the mid-luteal phase of their cycle. Dedrick et al., 2006,
found that women performing drop jumps had delayed onsets of their semitendinosus muscles
during the luteal phase of the menstrual cycle as well as altered hip muscle onset timing

differences compared to during the follicular phase.

Neuromuscular control of the trunk is particularly important as trunk muscle activation
patterns must be coordinated to optimize dynamic trunk stability while also minimizing joint
loads and risk of low back pain (Brown et al., 2006; Cholewicki & McGill, 1996; Granata &
Orishimo, 2001). It has been suggested that even one muscle responding inappropriately could
provide the necessary force to disrupt stability (McGill, 1999). Differences between sexes in the
trunk neuromuscular activation patterns have been evaluated for a variety of tasks. Women show
higher levels of co-activation compared to men during tasks that challenge the stability of the

trunk (Anders et al., 2007; Granata & Orishimo, 2001; Granata et al., 2001; Marras et al., 2003).
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Co-activation is defined as the simultaneous activity of various muscles acting around the same

joint (Kellis et al., 2003).

A recent study (Hubley-Kozey et al., 2011) evaluated temporal differences in EMG
patterns between men and women during a controlled lifting task. Temporal characteristics, as
well as amplitude characteristics of EMG waveforms, can be evaluated using a procedure called
principal component analysis. Principal component analysis is described in more detail in
Appendix A as well as elsewhere (Hubley-Kozey et al., 2009; Hubley-Kozey & Vezina, 2002)
but briefly it involves scoring each EMG waveform on how similar it is to a set of principal
patterns generated that describe sources of variability seen in the data. These scores can be used

in statistical analysis to compare differences in EMG amplitude and temporal characteristics.

Hubley-Kozey et al., 2011, demonstrated that women had more temporal asynchronies
among ipsilateral back and abdominal muscle sites compared to men during a controlled lifting
task, indicating that women performed the task in a less coordinated fashion than men. Women
had more variability between subjects in both amplitude and temporal characteristics of their
muscle activation patterns in response to a dynamic leg-lifting task than men in Chapter 4 of this
thesis. The task evaluated was the trunk stability test (TST), which specifically challenges
lumbo-pelvic stability (Clarke-Davidson & Hubley-Kozey, 2005). Lumbo-pelvic stability is
defined as the ability to maintain the pelvis and lumbar spine in physiologically safe positions
and is largely controlled by moments and active stiffness created by muscular activation.
Inadequate muscle strength or improper coordination between muscles can lead to lumbopelvic
instability, pain and low back disorders (Pool-Goudzwaard et al., 1998). Patterns for stable and

unstable responses to the TST task have been identified previously (Hubley-Kozey et al., 2010).
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A potential explanation for the discrepancies between women and men in how they
control their trunk musculature, as well as the greater variability seen among the female muscle
activation patterns, may stem from alterations in female neuromuscular control strategies over
the course of their menstrual cycle, possibly as a result of fluctuating estrogen levels. The
purpose of this study was to evaluate the amplitude and temporal characteristics of EMG
waveforms generated by the trunk musculature during the TST at two different times in the
menstrual cycle; during the follicular phase when estrogen levels are low, and during the
ovulation phase when estrogen levels are high. It was hypothesized that performing the TST
during the ovulation phase would result in increased co-activation and increased temporal
asynchronies between activation patterns of different muscles consistent with patterns reported

for a group that was unable to maintain lumbopelvic stability (Hubley-Kozey et al., 2010).

5.2 Methodology

5.2.1 Subjects

A total of twenty-two women were screened for participation in the study, of these,
twelve fit the criteria for the study. None of these subjects were included in the data set used in
Chapter 4, they were all newly-recruited. Three subjects did not continue with the entire study
due to menstrual cycle abnormalities (n=2) and time constraints (n=1). Nine subjects completed
the study. All subjects signed an informed consent approved by the Health Sciences Research
Ethics Board at Dalhousie University. All subjects were healthy, with no history of
cardiovascular, neurological or musculoskeletal disorder, as determined by a health screening
questionnaire. All subjects were between the ages of 20 and 30 as the prevalence of anovulatory
cycles is highest in women under 20 and over 30 (Chiazze, Brayer, Macisco, Parker, & Dufty,

1968; Collett, Wertenberger, & Fiske, 1954). Subjects were included if they had a self-reported
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consistent menstrual cycle for the past 3 months (ie. no missed menses, consistent length of
cycle, consistent length of menses). Subjects were excluded if pregnant or breast feeding, or if
they were within one year following a pregnancy. Subjects were excluded if they had used any
form of oral or hormonal contraceptives (ie. contraceptive patch, vaginal hormone ring,
contraceptive injections, etc.), in the past 6 months. Subjects were excluded if they had any low
back pain episodes within the past 12 months or if they had ever experienced a low back injury
severe enough to require medical assistance. Athletes performing more than moderate volumes
of aerobic conditioning (over 3 hours of aerobic activity per week) were excluded from the study
as they have been shown to have higher rates of menstrual cycle oddities (Vescovi, 2011).
Postural assessments were performed on all subjects under the direction of a certified
physiotherapist to ensure no postural abnormalities (kyphosis, scoliosis etc.). Age and
anthropometric measures (mass and height) were collected. Descriptive statistics for the nine
participants who completed the study can be found in Table 5.1. All subjects were tested at two
separate phases over one menstrual cycle corresponding to their follicular phase (~day 2-6) and
their ovulation phase (~day 14). Other studies have tested over several menstrual cycles to
account for intra-subject variability in cycles but no differences were found between any of the
cycles measured (Friden et al., 2003; Friden et al., 2005). Since testing was occurring on two
separate days the test-retest reliability of the study protocol was assessed prior to beginning the
study with a small reliability study, details are included in Appendix B. The reliability study

revealed acceptable reliability and provided guidance to further improve reliability.

5.2.2 Procedure

Participants attended an initial familiarization session, during which informed consent

was obtained and they received instruction in the experimental tasks that would be performed on
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test days, in an attempt to eliminate a training effect. The subject’s demographics (age and sex)
were recorded as well as structural anthropometric parameters: body mass (kg), height (cm), and
standing elbow height (cm). A brief postural assessment was performed by the principal
investigator, under the supervision of a physiotherapist, to ensure there was no evidence of spinal

abnormalities such as scoliosis. Outline of procedures are depicted in Figure 5.1.

Health Screening
Inclusion/Exclusion

'

Familiarization session N

v

Demographics (age) Fm-------- -
Anthropometrics (mass, height) > ! 1 hour I
Physical Activity

Postural Assessment

v
TEST SESSION 1/2 —Follicular phase

v

Ovulation kits (Day 8-ovulation)

v

TEST SESSION 1/2 - Ovulation phase

EMG and motion sensor placement

protocol Fm-------- .

1
L, v |__2hours__

< Normalization Exercises

2

Experimental Tasks P T T 1
(TST)

Figure 5.1: Flow chart of the experimental procedures and an overview of research variables
that were measured and associated length of time. Participation time was approximately three
hours per session.
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5.2.3 Hormone analysis

Subjects were tested at two distinct points in their menstrual cycles when their estrogen
levels were the most varied; (1) follicular phase, defined as 2-7 days after the beginning of
menses and (2) ovulation phase, defined as 24-48 hrs after the pre-ovulation luteinizing hormone
(LH) surge. Approximately half of the subjects had their follicular phase test session first (n=5)
whereas the others had their ovulation phase test session first (n=4). Test days were selected
based on self-reported average menstrual cycle lengths and ovulation prediction kit results. A
woman with a 28 day cycle would have had her follicular phase test session on day 2-7 of their
cycle. If a woman reported a significantly shorter or longer cycle (< 24 days or > 32 days), this
test day would have been adjusted accordingly to fall between 7% and 25% of the length of their
cycle. However no adjustments were needed as none of the subjects fell outside of the 24-32 day
cycle window. The ovulation phase test day was determined independent of the subject’s normal
cycle length. Ovulation prediction kits, which detect the surge in LH that occurs just prior to
ovulation, were used by the subject from day 8 of the cycle to ovulation. The subject came in for
testing within 24 and 48 hrs of detection of the LH surge. Commercially available ovulation
prediction kits are widely used by research groups in this area (Abt et al., 2007; Bryant et al.,
2008; Shultz et al., 2006) and have been shown to be highly accurate and easy to use (Gudgeon

et al., 1990; Leader et al., 1991).

Sleep, stress, nutritional intake and physical activity were monitored with a pre-testing
questionnaire asking about sleep, stress, nutritional intake and physical activity in the past 24
hours for descriptive purposes. To evaluate stress levels the Daily Stress Index (Brantley,
Waggoner, Jones, & Rappaport, 1987) was used. This index is a 58 item self-report measure

designed to quantify an individual’s daily stress based on events that they have experienced in
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the past 24 hrs. It has been proven to have high validity and reliability (Brantley et al., 1987) and
has been shown to have convergent validity with biochemical measures of daily stress (Brantley,

Dietz, McKnight, Jones, & Tulley, 1988).

5.2.4 Data acquisition

Excess hair was shaved and the skin abraded with aqueous alcohol swabs prior to
electrode placement. Twenty four pairs of Ag/AgCL surface electrodes (.79cm?) (Red Dot,
Graphics Control Canada Ltd.) were placed in a bipolar configuration (30 mm inter-electrode
distance) over the 12-bilateral trunk muscle sites. Briefly electrodes are placed over the upper
and lower rectus abdominis (LRA & URA) (Gilleard & Brown, 1994), external oblique over
anterior (EO1), lateral (EO2) and posterior fibers (EO3) (Ng et al., 1998; McGill, 1991; Nouwen
et al., 1987), internal oblique (I0) (Ng et al., 1998), lumbar levels L1 and L3 at approximately 3
and 6 cm from the midline (L13, L16, L33, L36) which correspond to the longissimus and
iliocostalis muscle sites (Vink et al., 1988), quadratus lumborum at .4 approximately 8 cm from
the midline (L48) and multifidus at LS approximately 1-2cm from the midline (L52) (Kavcic et
al., 2004). The electrode placement positions were standardized but individualized modifications

could still be made to account for individual differences in body anthropometrics.

5.2.5 Motion capture

3-dimensional motion and rotation of the pelvis was monitored during the task to ensure
that a neutral posture was maintained using the Flock of Birds™ (FOB) motion capture system
(Ascension Technology Inc., Burlington, Vermont). A magnetic sensor was placed just inferior
to the mid-point of the left iliac crest (See Figure 3.1). This sensor recorded 6° of freedom (x,y
and z displacements; and roll, pitch and yaw rotations) with respect to a global coordinate axis

system located in the FOB source. The measurements were not directly related to the anatomical
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reference frame however, yaw most closely represents anterior/posterior tilt of the pelvis, pitch
most closely represents horizontal rotation (side to side) of the pelvis and roll most closely

represents up and down tilt of the pelvis in the frontal plane.

5.2.6 Normalization exercises

Prior to the experimental task eight different maximum voluntary isometric contraction
(MVIC) exercises were performed, which are each targeted at eliciting a maximal contraction
from one or more of the muscles of interest (Butler, Hubley-Kozey, & Kozey, 2009b). They
included a supine sit-up, seated axial rotation to the right and left, side-lying lateral flexion to the
right and left, prone back extension and prone back extension coupled with axial rotation to the
right and to the left. The range of exercises was selected to ensure that each muscle had the
opportunity to be recruited maximally. Each exercise was repeated twice with a two-minute rest
period given between trials to reduce the risk of fatigue developing. Standardized verbal

feedback was provided for all MVIC exercises.

5.2.7 Experimental task
Five trials of the trunk stability test (TST) level 3 were performed (Figure 2.2). Prior to

beginning the task subjects were instructed to perform an abdominal hollowing maneuver. Time
points in the task were defined by event markers generated by pressure sensitive switches located
in a foot pad on the surface of the bed as well as on the crossbeam where the subject’s thighs

made contact.

5.2.8 Data acquisition and processing

The EMG signals were pre-amplified (500x) and then amplified differentially (Bandpass

10-1000Hz; input impedance > 10GQ; CMRR 115dB) with three AMT-8 EMG systems
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(BortecInc. Calgary, Alberta). The analog signal was sampled at 2000Hz using a 16-bit
analogue-to-digital (A/D) converter (National instruments, CA-1000) using LABVIEW. FOB
data was simultaneously collected using LABVIEW ™ on a separate computer and sampled at
50Hz using a 12-bit analogue-to-digital converter (National Instruments, CA-1000). EMG and

FOB data is synchronized using the event markers.

Custom programs in Matlab® (MathWorks, Inc., Natick, MA, Version 7.3) were used for
processing. The details of processing are published elsewhere (Butler, Hubley-Kozey, & Kozey,
2009b). Briefly, the EMG data was filtered with a recursive fifth order Butterworth high pass
filter at 30Hz to remove ECG artifact (Butler et al., 2009). The power spectrum was calculated
for each EMG signal and if low level noise from the FOB system was detected it was removed
with an inverse Fast Fourier filter. All EMG data were corrected for bias and gain, full wave-
rectified and low pass filtered at 6Hz with a second order recursive Butterworth low pass filter to
create a linear envelope profile. The linear envelope data was time normalized to 100%
movement using a linear interpolation algorithm and then amplitude normalized to MVIC
(Vezina & Hubley-Kozey, 2000). FOB motion data was filtered at 1 Hz with a recursive second
order Butterworth low pass filter and the maximal angular displacements for yaw, pitch and roll

during the motion relative to the global coordinate system were calculated.

5.2.9 EMG data analyses
Principal component analysis (PCA) (Hubley-Kozey & Vezina, 2002; Jackson, 1991)

was used to reduce the multi-dimensional nature of the EMG data and capture the amplitude and
temporal variations within the EMG data. Details of the PCA process are described in Appendix
A as well as elsewhere (Hubley-Kozey et al., 2009; Hubley-Kozey & Vezina, 2002) but briefly a

covariance matrix, S (101x101) was calculated from the variances and covariances of time-
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normalized EMG waveforms upon which an eigenvector decomposition is performed. Data from
the reliability study (5 subjects tested twice) in Appendix B was added to increase the strength of
the PCA model. Increasing the number of curves included in the model increases the ability of
the model to describe overall trends seen in the data as opposed to features seen in single
subjects. Therefore the EMG waveform data matrix had the dimensions of (336 x 101, 14
subjects x 2 sessions x 12 muscles = 336). The eigenvector decomposition results in the
formation of an orthogonal transformation matrix (101,101) composed of a series of
eigenvectors, also called principal components (PCs), which describe the principal patterns of
variation seen in the EMG waveforms. Each EMG waveform is given a Z score, also called PC
scores, based on how closely it matches each of the PCs. PC scores can then be used in
inferential statistics. This allows quantitative statistical analysis of the patterns seen in the EMG
data. Two separate PCA analyses were performed, one for the abdominal muscle EMG
waveforms, and one for the back muscle EMG waveforms because the temporal characteristics
of the abdominal and back muscles were different and the abdominal muscles higher amplitude
waveforms would have dominated the variance in the data, resulting in the back muscles being

described poorly.

5.2.10 Statistical analysis

A repeated measure two factor (menstrual cycle phase, muscle) general linear ANOVA
model (o= 0.1) was used to test for differences in PC scores for the back extensors and
abdominal muscles separately. Assumptions of normality and homogeneity of variance were
examined with data transformations performed where necessary. For this preliminary study post-
hoc analysis was performed using non-parametric sign tests (alpha level set at 0.1) due to the

small sample size restricting the use of parametric tests. Statistical analysis was performed using
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a combination of SPSS (PASW Statistics v. 17.0.3, SPSS: An IBM Company) and Minitab™

(Minitab Inc., State College, PA, Version 15).

5.3 Results

Subject demographics are depicted in Table 5.1. There were no significant differences

between sleep and stress measures between sessions (See Table 5.2). High and low stress DSI

Sum scores were defined by Brantley in 1988 as 37.94+20.34 and 9.81+6.46 respectively

(Brantley et al., 1988). Therefore, subjects had high stress levels overall but no difference in

stress levels between test days. Subjects had on average 7.5 + 1.75 hours of sleep the night prior

to testing.

Table 5.1: Subject demographics

Age (yrs)

Mass (Kg)

Height (cm)

BMI

22.8+2.6

63.1+£99

167.1 £4.0

226 +£3.2

Table 5.2: Comparison of sleep and stress measures between test sessions. No significant differences (p<
0.1) found between sessions for hours of sleep or stress measures.

Measure Follicular Phase Ovulation Phase P-value
Hours of Sleep 7.7+1.6 73+1.9 0.55
DSI Sum 37.0+22.7 35.6+16.3 0.88
DSI Frequency 13.8+6.4 13.9+6.0 0.96

The pelvic motion sensor captured less than 5° of motion in all three directions over the

entire task (See Table 5.3). Differences in movement between the two phases were less than 1.5

degrees for all three directions (yaw (Z), pitch (Y) and roll (X)) and none of these differences

were significant. The measurements were not directly related to the anatomical reference frame

however, yaw most closely captures anterior/posterior tilt of the pelvis, pitch most closely

captures horizontal (side to side) rotation of the pelvis and roll most closely captures up and




down tilt of the pelvis in the frontal plane. When the motion data was divided into movement
phases (leg lift, leg extension and leg lower) there were still no significant differences between
the two menstrual phases. This data confirms that minimal pelvic motion occurred. There was no
statistically significant difference in time it took to complete the task during the follicular phase

(7.9 secs = 0.3 secs) compared to during the ovulation phase (7.9 secs + 0.2 secs).

Table 5.3: Pelvic motion data

Follicular phase Ovulation phase P-value
Ant/Post Tilt (Yaw) 3.57 (£ 0.86) 3.85 (£ 1.46) 0.727
Hor Rotation (Pitch) 4.65 (£2.82) 3.30 (£ 1.51) 0.389
Side Flexion (Roll) 3.41 (£ 0.98) 2.81 (£ 1.32) 0.401

Note: Ant/Post = Anterior/Poster and Hor = Horizontal.
5.3.1 Abdominal EMG waveform analysis

EMG waveforms for all abdominal muscles during the follicular phase and the
ovulation phase are depicted in Figure 5.2. Minimal variation in muscle activation throughout the
movement in the trunk sites was confirmed by PCA since 90.2% of the variance in the data was
explained by 3 PCs (See Figure 5.3). PC1 captured the overall amplitude and shape
characteristics of the waveforms (See Figure 5.3A) and PCI score is highly correlated to RMS
amplitude (Hubley-Kozey et al., 2009). PC2 captured difference in amplitude between the
beginning of the movement and the middle of the movement when the right leg is being
extended. Muscles with high PC2 scores increased their activity in response to the leg lifting task
whereas muscles with low PC2 scores pre-activated and maintained a consistent level of activity
throughout the entire task (See Figure 5.3B). PC3 captured a spike in activity at about 15%
movement time corresponding to when the left leg was lifted off the bed (See Figure 5.3C).
Representative high and low scoring curves for each of the 3 PCs are also depicted in Figure

5.3D, 5.3E and 5.3F.
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Figure 5.2: Ensemble average EMG waveforms for each of the 12 abdominal muscle sites averaged
across subjects for the follicular phase (red) and the ovulation phase (blue). RLRA = right lower rectus
abdominus; LLRA = left lower rectus abdominus; RURA = right upper rectus abdominus; LURA = left
upper rectus abdominus; REO1= right external oblique site 1; LEO1 = left external oblique site 1; REO2=
right external oblique site 2; LEO2 = left external oblique site 2; REO3=right external oblique site 3;
LEO3 = left external oblique site 3; RIO = right internal oblique; LIO = left internal oblique.
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Figure 5.3: First three principal components for the abdominal muscles. Blue shading on curves A, B and
C indicate portions of the curve where the most variance in the data is described by the PC. A) PC1 which
explains 83.1% of the waveform variance; B) PC2 which explains 4.8% of the variance; C) PC3 which
explains 2.3% of the variance; D-F) High and low scoring curves for PC1-3 respectively with high scores
shown in blue and low scores shown in red and the average high and average low scores bolded.

88



PC1 results indicate significant main effects for phase (p=0.092) and muscles (p=0.005)
only. The abdominal muscles showed a significantly higher average PC1 score during the
follicular phase (-1.9 + 112) compared to during the ovulation phase (-21.1 = 119). The

significant between muscle site differences are shown in Figure 5.4.
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Figure 5.4: Mean PC1 scores and standard deviations for each of the 12 abdominal muscle sites. *REO3
and LEO3 are less than RURA, LURA, RLRA, LLRA, LEO1, REO2, LEO2 and RIO; #REO1 is less
than RURA, LURA, LEO1 and REO2; &LIO is less than LLRA and RIO; aREQO?2 is less than LEO1.

PC2 results indicate a significant main effect for muscles (p=0.000) and a significant
phase and muscles interaction effect (p=0.070). Mean PC2 scores for each of the 12 abdominal
sites during the two different menstrual cycle phases are shown in Figure 5.5. Non-parametric
post hoc tests revealed that REO2 had significantly lower PC2 scores during the ovulation phase
compared to during the follicular phase. The between muscles differences for each phase are

shown in Figure 5.5.
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Figure 5.5: Mean PC2 scores and standard deviations for each of the 12 abdominal muscle sites during
the follicular phase and the ovulation phase. * indicates a muscle site with a significant difference
between phases.

For the Follicular Phase: #RURA is significantly different from RLRA, REO1, REO2 and LEO2. aLURA
is significantly different from RLRA, REO1, LEO1, REO2 and LEO2. BLLRA is significantly different
from RLRA, REO1, LEO1, REO2 and LEO2. @REOL1 is significantly different from REO2 and LEO2.
OLEOL is significantly different from LIO. €RIO is significantly different from RURA, LURA, RLRA,
LLRA, REO2, LEO3 and LIO.

For the Ovulation Phase: : #RURA, LURA and LLRA are significantly different from REO1, LEO1,
REO2, LEO2, REO3 and RIO. aRLRA is significantly different from REO1, REO2, LEO2, REO3 and

RIO. ¢LEO?2 is significantly different from LEO1, REO3, RIO and LIO. ARIO is significantly different
from REO2, REO3 and LEO3. €LIO is significantly different from LURA, REO1 and RIO.

PC3 results indicate a significant main effects for muscles (p=0.008) only. The significant

between muscle site differences are displayed in Figure 5.6.
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Figure 5.6: Mean PC3 scores and standard deviations for each of the 12 abdominal muscle sites.
*LURA is higher than RURA, REO3 and RIO; aRLRA is higher than RIO; BLLRA is higher than RURA, LEO3
and RIO; QREO3 is lower than LEO1 and REO2; &LIO is higher than RURA, LURA, LLRA REO2, REO3, LEO3
and RIO.

5.3.2 Back extensor EMG waveform analysis

Mean EMG waveforms for all back muscles during the follicular phase and the
ovulation phase are depicted in Figure 5.7. Subtle variation in muscle activation throughout the
movement in the back extensor sites was confirmed by PCA, in that 96% of the variance was
explained by two PCs (See Figure 5.8). Similar to the abdominals, PC1 captures the overall
amplitude and shape characteristics of the waveforms (See Figure 5.8A). PC2 captured a pattern
of varied amplitude in the signal over the course of the task with reduced amplitude at the
beginning and end of the task compared to the middle (See Figure 5.8B). Representative high

and low scoring curves for both PCs are also depicted in Figure 5.8C and 5.8D.
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Figure 5.7: Ensemble average EMG waveforms for each of the 12 back muscle sites averaged across subjects
for the follicular phase (red) and the ovulation phase (blue). RL13= right medial erector spinae (level L1);
LL13= left medial erector spinae (level L1); RL16= right lateral erector spinae (level L1); LL16= left lateral
erector spinae (level L1); RL33= right medial erector spinae (level L3); LL33= left medial erector spinae (level
L3); RL36=right lateral erector spinae (level L3); LL36= left lateral erector spinae (level L3); RL48 = right
quadratus lumborum; LL48 = left quadratus lumborum; RL52 = right multifidus; LL52 = left multifidus.
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Figure 5.8: First two principal components for the back muscles. Blue shading on curves A and B indicate
portions of the curve where the most variance in the data is described by the PC. A) PC1 which explains 91.4%
of the waveform variance; B) PC2 which explains 5.0% of the variance; C-D) High and low scoring curves for
PC1 and PC2 respectively with high scores shown in blue and low scores shown in red and the average high
and average low scores bolded
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PCI results indicate a significant main effect for muscles (p=0.000) and a phase and
muscles interaction effect (p=0.085). Non-parametric post hoc tests revealed that LL13 has
significantly higher PC1 scores during the follicular phase and RL33 has significantly higher
PC1 scores during the ovulation phase. The significant between muscle site differences for each

menstrual phase are shown in Figure 5.9.
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Figure 5.9: Mean PC1 scores and standard deviations for the 12 back muscle sites during the follicular
phase and during the ovulation phase. * indicates a muscle site with a significant difference between
phases.

For the Follicular phase: #RL16 is significantly different from RL13, LL13, RL33, LL33, RL48 and
LL48. aLL16 is significantly different from RL13, RL33 and LL33. BLL33 is significantly different from
LL36. 6RL36 is significantly different from RL13 and RL33. eRL48, LL48, RL52 and LL52 are
significantly different from RL13, LL13, LL16, RL33, LL33, RL36 and LL36.

For the Ovulation phase: : #RL13 is significantly different from RL16, LL16, RL33 and RL36. aLL13 is
significantly different from RL16, LL16, RL33, LL33, RL36 and LL36. BRL16 is significantly different
from RL52 and LL52. 8RL33 is significantly different from LL33 and RL36. €LL33 is significantly
different from RL36. 6RL48, LL48, RL52 and LL52 are significantly different from RL13, LL13, LL16,
RL33, LL33, RL36 and LL36
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PC2 results indicate a significant main effect for phase (p=0.096) and muscles (p=0.000)
and a phase and muscles interaction effect (p=0.044). Non-parametric post hoc tests revealed that
RL13, RL33, RL36, LL36 and LL48 all have significantly higher PC2 scores during the
follicular phase compared to during the ovulation phase. The significant between muscle site

differences for each menstrual cycle phase are depicted in Figure 5.10.
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Figure 5.10: Mean PC2 scores and standard deviations for the 12 back muscle sites during the follicular phase
and ovulation phase. * indicates a muscle site with a significant difference between phases.

For the Follicular phase: # RL13 is significantly different from LL13, LL16, LL33 and LL36. aLL13 is
significantly different from RL16, LL33, RL36, LL36, RL48 and LL48. BRL16 is significantly different from
LL16, RL33, LL33, LL36, RL48 and LL48. $LL16 and LL33 are significantly different from RL36, LL36
and RL48. dRL33 is significantly different from LL33, LL36 and RL48. €RL36 is significantly different from
LL36, RLA48 and LL48. 6RLA4S is significantly different from LL36 and LL48. QRL52 and LL52 are
significantly different from LL13, RL16, LL16, RL33, LL33, LL36 and LL48.

For the Ovulation phase: #RL13 is significantly different from LL13, LL16, RL33, LL36 and RL52. aRL16 is
significantly different from LL13, LL16, LL33 and LL36. BLL16 is significantly different from RL36 and
RL52. $LL13, RL33 and LL33 are significantly different from RL36, LL36 and RL48. 6RL33 is significantly
different from LL33. €RL36 is significantly different from LL36 and LL48. 6RLA48 is significantly different
from LL36 and LL48. QRL52 and LL52 are significantly different from LL13, RL33, LL33, LL36 and LL48.
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5.4 Discussion
The purpose of this study was to evaluate the amplitude and temporal characteristics of

EMG waveforms generated by the trunk musculature during the TST during the follicular and
ovulation phases of the menstrual cycles. The results of this study generally found trends that
were opposite to the study hypotheses. It was hypothesized that during the ovulation phase of the
menstrual cycle women would show muscular activation patterns indicative of reduced stability;
increased co-activation and more temporal asynchronies. However these patterns were seen more
so in the follicular phase. The short term spike in estrogen levels seen during the ovulation phase
was likely not enough to impose clear changes in neuromuscular control, as was also seen with
changes in passive tissue properties (Zazulak et al., 2006).

The dominant amplitude and temporal features in the EMG waveforms were captured by
three principal patterns in the abdominal PCA, which describe 90.2% of the variance in the
waveforms (See Figure 5.4), and two principal patterns in the back extensor PCA, which
describe 96% of the variance in the waveforms (See Figure 5.6). PC1 scores from both models
captured amplitude differences (Hubley-Kozey et al., 2009) between waveforms, representing
overall level of recruitment of various muscles. PC2 and PC3 from both models identified unique

temporal characteristics within the data set.

5.4.1 Abdominal amplitude characteristics and co-activation

In the abdominal muscles PC1 scores were significantly higher during the follicular phase
than during the ovulation phase. This represents a higher level of agonist co-activation during the
follicular phase. In the trunk, co-activation has been shown to be beneficial as it increases joint
stability and protects against damaging movements following perturbations (Gardner-Morse &
Stokes, 1998). However, co-activation of trunk musculature can increase lumbar spine loads

(Granata & Marras, 1995; Thelen et al., 1995) which could weaken spinal tissues, like ligaments,
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discs and vertebrae, through repetitive loading that can eventually lead to injury. In Chapter 4 it
was reported that women respond to the TST with higher levels of agonist co-activation than
men. This was thought to be due to their reduced passive stiffness, which increases their need for
active stiffness through co-activation to maintain lumbopelvic stability throughout the TST. The
higher co-activation seen during the follicular phase could represent decreased passive stiffness
during this phase of the menstrual cycle, since during the ovulation phase women are able to
perform the task as well without relying on excess co-activation. Performance of the task was
deemed to be equivalent during the two phases in that no differences existed in pelvic motion or
time to complete the task (See Table 5.3). Though a decrease in passive stiffness during the
follicular phase may be a possible explanation for the increased co-activation present, previous
research has suggested that short term hormone fluctuations over the menstrual cycle are not
enough to clearly affect passive tissue properties (Zazulak et al., 2006). Another possible
explanation is a disconnect somewhere within the neuromuscular control system that results in a
corrupted signal being sent that increases the demand for co-activation. Estrogen levels could
still play a role in a possible neurophysiological effect due to the presence of alpha and beta

estrogen receptors on skeletal muscles (Lemoine et al., 2003; Wilk et al., 2005).

These results are similar to recent findings showing that a pattern of increased agonist co-
activation was characteristic of individuals who were not able to sustain lumbopelvic stability
throughout the TST (Hubley-Kozey et al., 2010). Therefore increased co-activation may be a
coping mechanism for a reduced level of passive stability or may reflect an altered
neuromuscular control pathway in response to a lumbopelvic stability demand. Our results

indicate that during the follicular phase women have increased demands for active stiffness
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through co-activation of the abdominal muscles, demonstrating a difference in the neuromuscular

control system at different points in the menstrual cycle.

5.4.2 Abdominal temporal characteristics and inter-muscle differences

A significantly higher PC2 score was reported for REO2 during the follicular phase
compared to during the ovulation phase. This was the only abdominal muscle that showed a
significant difference in PC2 score between phases. PC2 captures a pattern of responsiveness to
the leg lifting task, representing an increase in activity during the leg extension portion of the
task, relative to the initial portion. During the ovulation phase of their cycle, women began the
task with an increased base level of activity in their REO2 site compared to during the follicular
phase.

Differences in PC2 scores between muscles within a phase were also evaluated to assess
temporal coordination between abdominal muscles. There was a higher number of inter-muscle
differences during the ovulation phase (34) compared to the follicular phase (25). On first glance
this might indicate that there is less temporal coordination of the abdominal muscles during the
ovulation phase. However, when the various sites from the same muscle are grouped together (ie.
rectus abdominus, external obliques and internal obliques) there are more differences within
these groups during the follicular phase than during the ovulation phase. During the follicular
phase, three rectus abdominus sites have significantly different PC2 scores than other rectus
abdominus sites (ie. RURA has significantly higher scores than RLRA, LURA has significantly
higher scores than RLRA, and RLRA has significantly lower scores than LLRA). No rectus
abdominus sites have significantly different scores than other rectus abdominus sites during the
ovulation phase. This may indicate that rectus abdominus recruitment is less coordinated during

the follicular phase compared to during the ovulation phase. During the ovulation phase most of
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the inter-muscle differences occur between different larger muscles rather than within them,
which may represent a more selective response to the task. For example, during the ovulation
phase women had lower PC2 scores in the external obliques than during the follicular phase,
though only the REO2 differences reached significance. Not only were these scores relatively
lower than those during the follicular phase, they were also lower relative to the rectus
abdominus sites. During the follicular phase women had more similar PC2 scores between their
external oblique sites and their rectus abdominus sites compared to during the ovulation phase.
PC2 captures the relative increase in muscle activity in response to right leg extension. This
manoeuver imposes a moment that acts to anteriorly tilt the pelvis making the vertical fiber
orientation of the rectus abdominus muscle better suited to counteract it. The oblique muscle
sites likely play more of a stabilizing role due to their more diagonal muscle fiber orientations.
During the ovulation phase women are better able to selectively recruit their rectus abdominus
sites over their external oblique sites during the leg extension portion of the motion. During the
follicular phase the oblique muscle sites are recruited to similar levels during the leg extension
portion of the movement as the rectus abdominus. This may indicate a less selective response,
perhaps stemming from a need for more active stiffness throughout the task during the follicular
phase.

The third PC generated for the abdominal EMG waveforms mainly captured increased
activity at the beginning of the task, including a spike in activity at 15% of the motion
corresponding to lifting the second leg off the bed. This feature in the data does not seem to be
affected by menstrual cycle phase as there was no significant main phase effect or interaction

effect between phase and muscle found.
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5.4.3 Back extensor amplitude characteristics

In the back extensors, PC1 scores reveal an interaction between phase and muscle. When
examining the upper erector spinae muscles (RL13, LL13, RL16 and LL16) a decrease in PC1
score is seen from the follicular phase to the ovulation phase, although only significantly at
LL13. In the lower erector spinae (RL33, LL33, RL36 and LL36) there is an increase in PC1
scores from the follicular phase to the ovulation phase, though again this change is only
significant in one muscle (RL33). However, the number of subjects included in this study was
quite small (n=9). It is possible that with more subjects all eight changes might have reached
significance. A power analysis, based on the means and standard deviations generated in this
data set, revealed that with 24 subjects 5 of the 8 changes would have been significant at an
alpha level of 0.1 (LL13, RL16, RL33, LL33 and RL36) (van Belle, 2008). Other studies have
observed differential recruitment at different lumbar levels of the erector spinae (Jonsson, 1970;
Vink et al., 1987). An explanation for this is that the load bearing abilities may be different at
various lumbar levels. A detailed anatomical model demonstrated that the moment capability of
the erector spinae at L1 is less than the moment at L3 (Bogduk, Macintosh, & Pearcy, 1992). As
the back extensors are the antagonists during this exercise increased moments created by the
back extensors would further challenge lumbopelvic stability during the task. During the
ovulation phase, individuals shift towards a recruitment pattern that more preferentially recruits
the lower segment of the erector spinae muscle, compared to the follicular phase. When the inter-
muscle differences are examined, a similar trend is visible with upper erector spinae sites
showing higher PC1 scores than lower erector spinae sites during the follicular phase (RL16 and
LL16 sites are significantly higher than RL33 and LL33 sites) and lower erector spinae sites
showing higher PC1 scores than upper erector spinae sites during the ovulation phase (RL33,

LL33, RL36 and LL36 sites are significantly higher than LL13 and additionally RL33 and RL36
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sites are significantly higher than RL13). Not enough information has been gathered to date to
elucidate the mechanism for these differences in erector spinae muscle recruitment at different
times in the menstrual cycle. These differences do further support the findings from the
abdominal data, that there are differences in how the neuromuscular control system in women
responds to the same task at the two measured points in the menstrual cycle.

5.4.4 Back extensor temporal characteristics

The second PC in the back extensors captured a pattern of varied amplitude in the signal
over the course of the task with reduced amplitude at the beginning and end of the task compared
to the middle. This pattern is a similar pattern to the PC2 pattern seen in the abdominal
waveforms, representing a response to the perturbation coming from the extension of the right
leg during the middle of the task. Five back extensor muscles (RL13, RL33, RL36, LL36 and
LL48) show a significantly higher PC2 score during the follicular phase compared to during the
ovulation phase. This indicates that during the follicular phase there is more co-activation
between specific antagonists and agonists as the back extensor muscles display patterns that are
more similar to those seen in the abdominal muscles. Specifically there is an increased response
in the follicular phase during the leg extension portion of the task. Increased antagonist co-
activation can increase the active stiffness of the spine, similarly to agonist co-activation.
Antagonist co-activation, however, increases the load on the spine more than agonist co-
activation does; not only is it imposing its own muscle forces, but the additional antagonist
moments will create the necessity for increased agonist moments to balance the desired resultant
force. The reason for this increase is not clear. Similar results were found in chapter 4 of this
thesis, with women responding to the TST with a pattern referred to as ‘bracing’, demonstrating
more active stiffness through agonist and antagonist co-activation than men. The results from

this chapter expand on the results from chapter 4, indicating that this increased active stiffness
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through co-activation is not consistent in women over the course of the menstrual cycle, and is
greatest during the follicular phase.

5.4.4 Conclusion

In conclusion, the differences in PC scores seen between the two phases support the
concept that muscle activation patterns are not consistent in response to a similar task demand
across the menstrual cycle. The higher levels of both agonist and antagonist co-activation seen
during the follicular phase indicate that there may be a deficit in stability or a neurophysiological
effect on the neuromuscular control system during this phase of the menstrual cycle that leads to
the greater demand for active stiffness through co-activation. There also seems to be more
temporal coordination in muscle activation patterns during the ovulation phase compared to
during the follicular phase. These results are opposite from the original study hypothesis which
leads to the conclusion that fluctuating hormones over the course of the menstrual cycle impact

neuromuscular control.
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Chapter 6: Conclusion

6.1 Summary of study objectives

The purpose of this study was to investigate differences in neuromuscular control of the
trunk during a dynamic stability exercise between men and women as well as within women at
different time points in their menstrual cycles. The overall aim of the study was to gain insight to
help clarify why women sustain musculoskeletal injuries at higher rates than men as well as why
women seem to be more likely to sustain higher rates of musculoskeletal injuries at specific

times in their menstrual cycles. The two main research objectives were:

1. To compare the relative amplitudes of EMG activity as well as the temporal EMG
characteristics during a dynamic stability exercise, the TST, between men and women.

2. To examine the relative amplitudes of EMG activity as well as the temporal EMG
characteristics during a dynamic stability exercise, the TST, performed at two different
times in the menstrual cycle, once during the follicular phase, when estrogen levels are at
their lowest point, and once during the ovulation phase, when estrogen levels are at their
highest.

6.1.1 Summary of Chapter 4: Sex Differences in Neuromuscular Control Patterns during

the Trunk Stability Test

The purpose of Chapter 4 was to examine sex differences in muscle activation patterns in
response to the TST. It was hypothesized that women would show higher overall EMG
amplitudes and more co-activation than men during the TST. It was also hypothesized that
women would perform the task in a less coordinated fashion than men and would show this by
having more temporal asynchronies between activation profiles of different muscles during the

task.
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Key findings from this chapter were:

Women showed more agonist and antagonist co-activation than men. Because the higher
co-activation in women was not accompanied by an altered task performance, as
determined by motion data, it may be resulting as a consequence of the deficiency in the
passive component of the female stabilizing system. Increased co-activation in women
could potentially result in higher relative loads on the spine.

Women require a greater relative increase in activity to maintain lumbopelvic stability
when their leg is fully extended resulting in women recruiting their abdominals to higher
levels preferentially at this time point.

Women recruit more motor units as a percentage of maximum than men to complete the
second leg lift during the TST, in a pattern similar to that seen in individuals who could
not maintain lumbopelvic stability during the TST.

Men respond to the task with more selective recruitment of back extensor muscle
activation patterns while women respond with a less selective ‘bracing’ pattern.

Women showed more inter-subject variability in their PC scores than men.

With respect to the overall study hypotheses the first hypothesis was confirmed. Women

did respond to the TST task with more co-activation than men did. The second hypothesis was

not confirmed as there were no significant interaction effects between sex and muscle for any of

the PC scores that captured temporal characteristics. The results from this study indicate that

women perform the TST with an overall higher relative activation and a ’bracing’ strategy

whereas men did not. The bracing strategy seen in women may be protective in the short term,

but over time the extra loading on the spine from excess muscle forces may overload the tissues

in the female spine. However, without actually calculating the spinal loads it can only be
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concluded that the neuromuscular activation patterns were different between the sexes which
suggests differences in spinal loading. More detailed biomechanical analysis would be needed to
make concrete conclusions. These suggested loading differences may help explain why women
experience more low back injuries compared to men. Results also indicate that women as a
population respond to the task with more varied activation patterns than men. It has been

suggested that this might be due variability caused within women by their menstrual cycles.

6.1.2 Summary of Chapter 5: Effect of the Female Menstrual Cycle on Neuromuscular
Control of Trunk Musculature.

The purpose of Chapter 5 was to examine if changes occurred in how women controlled
their trunk musculature during a dynamic stability exercise over the course of their menstrual
cycle. It was hypothesized that during the ovulation phase, while performing the TST task,
women would have increased co-activation and increased temporal asynchronies between
activation patterns of different muscles consistent with patterns reported for a group that was

unable to maintain lumbopelvic stability (Hubley-Kozey et al., 2010).

Key findings from this chapter were:

- Women demonstrated higher levels of agonist co-activation during the follicular phase.
This may result as a consequence of a deficiency in another component of the stabilizing
system or an altered signal generated somewhere along the neuromuscular control
pathway. Increased co-activation may result in higher loads on the spine during the
follicular phase of the menstrual cycle.

- There is also more antagonist co-activation, particularly during the leg extension phase of

the motion, during the follicular phase compared to the ovulation phase.
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- More temporal asynchronies between muscle sites within the same abdominal muscle
were identified during the follicular phase. This indicates less temporal coordination
between muscles during the follicular phase.

- During the ovulation phase, compared to the follicular phase, individuals selectively
recruit the rectus abdominus muscles relative to the obliques during the leg extension
portion of the task.

- Women selectively recruit lumbar levels of their erector spinae differently during the two

different phases of the menstrual cycle.

The results of the menstrual cycle phase on neuromuscular control of the trunk are opposite
from what was hypothesized. It was hypothesized that women would have more co-activation
and more inter-muscle asynchronies during the ovulation phase. Instead the results of this study
demonstrate that during the ovulation phase women respond to the demands of the TST with a
more coordinated response and with less agonist and antagonist co-activation compared to during
the follicular phase. Other neuromuscular control differences, such as erector spinae recruitment
and temporal pattern asynchronies, were seen between the two different phases of the menstrual
cycle. Overall these findings indicate fundamental differences in the neuromuscular control
system over the course of the menstrual cycle. Potential reasons for these differences which were
suggested include altered passive stability in the spine at specific times in the cycle or altered
signals generated along the neuromuscular control pathway. However, as this work is relatively
preliminary, reasons for these differences can only be speculated on.

6.2 Clinical implications
It was found that women perform the TST task with a less coordinated and less selective

response than men, resorting to more muscular co-activation to generate the necessary stiffness
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to perform the task with minimal pelvis motion. This increased active stiffness due to co-
activation in women is likely necessary for them to maintain the lumbar spine in a neutral
posture, reducing the risk of injury due to movement outside of the physiological range of
motion of the tissues (Panjabi, 1992). It is not just during the TST task that women respond with
increased trunk muscular co-activation around the spine compared to men. Other authors have
demonstrated similar findings during static extension efforts (Granata & Orishimo, 2001;
Granata et al., 2001), whole body tilt (Anders et al., 2007) and lifting efforts (Hubley-Kozey et
al., 2011; Marras et al., 2003). Women are therefore imposing higher relative levels of loading
on their spines compared to men during a wide range of tasks, which could accumulate over
time. According to McGill, low back injuries are frequently the result of long term loading,
which gradually, but progressively, reduces the tolerance of the tissues to withstand perturbations
(McGill, 1998). It is therefore possible that women sustain low back injuries at rates higher than
men due to the long term exposure to increased relative loading on the female spine due to

muscular activation patterns of increased co-activation that women adopt for most tasks.

Women also seem to have altered neuromuscular control of the trunk musculature during
different phases of the menstrual cycle. During the follicular phase women responded to the task
with a less coordinated muscular response as well as with more agonist and antagonist co-
activation. Though some studies found the rate of ACL injuries to be highest at ovulation
(Adachi et al., 2008; Wojtys et al., 2002; Wojtys et al., 1998), others demonstrated an increased
risk during the whole pre-ovulatory phase (Hewett et al., 2007; Shultz et al., 2010), which
includes the follicular phase. Therefore, our study results are in accordance with some of the
ACL injury susceptibility literature. However, no research has been done looking at low back

injury susceptibility over the course of the menstrual cycle and it cannot be assumed that the low
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back injury susceptibility results would mirror those for ACL injury susceptibility over the
menstrual cycle.
6.3 Future research

One of the main limitations of the menstrual cycle project work was a small sample size.
Due to strict inclusion criteria, our menstrual cycle sample only included nine women who were
each tested at two different occasions and no control group. Future research should include larger
sample sizes, in the anticipation of obtaining statistical significance.

A gap in this area of research is an investigation into the injury susceptibility of the back
relative to different phases of the menstrual cycle. ACL injuries are most common during the
pre-ovulatory phase but it cannot be assumed the same is true for low back injuries.

This was one of the first studies to look at the effect of the menstrual cycle on
neuromuscular activation patterns of the trunk musculature, thus providing a foundation for
further investigation in this area. This study revealed that neuromuscular response patterns are
altered over the course of the menstrual cycle. One possible link to reduced neuromuscular
control during the follicular phase could be reports of premenstrual syndrome (PMS). PMS is
characterized by cyclical physical and mood disturbances that occur at the end of the luteal phase
during the menstrual cycle and disappear following the first few days of the follicular phase
(Sundstrom et al., 1998). Low back pain is one of the most frequently reported PMS symptoms
(Pinar, Colak, & Oksuz, 2011). The causes of PMS are unclear with hypothesized causes ranging
from hormonal changes and neurotransmitter concentrations to dietary and lifestyle factors
(Clare, 1985; Schellenberg, 2001). Friden et al., found that women who experienced PMS
symptoms had greater amounts of postural sway than those who did not (Friden et al., 2005).

Therefore, it is possible that there may be a link between PMS and deficiencies in neuromuscular
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control that could potentially lead to low back pain. Future studies should include an evaluation
of severity of PMS symptoms in each participant to investigate this possibility. Future studies
could also plan to test individuals at a time in their cycle when PMS symptoms would be the

most severe.

6.4 Conclusions

The purpose of this study was to evaluate the effects of sex and menstrual cycle phase on
neuromuscular control of the trunk during a dynamic stability exercise. The overall aim of the
study was to gain insight into why women sustain musculoskeletal injuries at higher rates than

men as well as at higher rates at specific times in their menstrual cycles.

It was found that women perform the TST with an overall ’bracing’ strategy, including
more muscular co-activation around the spine, whereas men had more differences between
muscles, perhaps indicative of an ability to more selectively recruit muscles as needed. The
muscle recruitment strategy seen in women would tend to increase spine loading due to the
increased muscle forces. Women’s neuromuscular activation patterns were found to be altered
over the course of the menstrual cycle, with women responding to the TST task with more
temporal asynchronies and more co-activation during the follicular phase relative to during the
ovulation phase. Results of this study may assist in understanding why women injure their backs
at rates higher than men and suggests that women may be at higher risk of low back injury

during the follicular phase of their menstrual cycle.
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Appendix A: Description of Principal Component Analysis

Principal component analysis (PCA) is a multivariate statistical tool that describes the
variability within a group of related variables by transforming the original variables into new
uncorrelated variables (Jackson, 1991). The following is a summary of PCA based on a report by
McKean, 2003. How it is applied to the specific data sets in the study is illustrated. PCA is
applied to a data set in n x p format (n are observations and p are variables). When PCA 1is
applied to the EMG data each muscle waveform from each subject represents an observation (n),
so for example, with 9 subjects performing the task at two different points in their menstrual
cycle with 24 muscles sites measured n would be 9*2*24 = 432. Each data point in the time
normalized EMG waveform represents a variable (p=101) (See Figure 1). Means and variances
are calculated on each variable across observations; these values will be discussed throughout the

analysis.
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Figure A1: How the data should be structured when conducting a n x p PCA (figure from
unpublished report by McKean, 2003).
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This data is then used to construct a covariance matrix (S) which is composed of the
variances in the diagonal entries of S. The remaining entries in S are filled with covariances (See
Equation 3). Variance (S;?) is the average square of the difference between the value of a
variable for one observation and the mean for that given variable for all observations (all
subjects) (See Equation 1). Therefore variance indicates how much a variable strays from its
mean (Jackson, 1991). Covariance (S;;) gives a measure of how much one variable depends on
another. It is calculated by multiplying the variable (i) for each subject (k) by the next variable (j)
for the same subject (k). The second part of the covariance equation involves multiplying the
sum of the values of the first variable for all subjects by the sum of the values of the second

variable for all subjects (Jackson, 1991) (See Equation 2).
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Extracting the eigenvectors from the covariance matrix (S) yields an orthogonal matrix
(U). The diagonal elements of U are the eigenvalues (L) which are attained by pre and post
multiplying S by U’ (See Equation 4). Eigenvalues indicate how much variance is described by

each eigenvector (Hubley-Kozey et al., 2009).

U’'SU=L (Equation 4)

[pxp]’[pxpl[pxp] = [pxp]

The eigenvectors (U) are transformed variables that each describe a feature of variation in
the data (Jackson, 1991). Eigenvectors are also called principal components. The maximum
number of principal components that can be extracted from a data set is equal to the number of
variables within the data. However, since each principal component describes less and less
variation in the data, it is only usually relevant to examine the first few principal components.
The eigenvalues, which are the diagonal elements of the U matrix (referred to as L), indicate how
much of the total variation in the data set is described by each particular principal component.
The transformation matrix (U) is then used to rotate the original data observations into new,

uncorrelated observations (Z) (See equation 5).

7  =[Xi- Xmean] U (Equation 5)

[nxp] = [nxp] [pxp]

The newly transformed variables are the selected principal components and the newly
transformed observations are referred to as Z scores (Jackson, 1991). Z scores are also referred
to as PC scores. Each subject has one Z score for how closely their EMG waveform reflects each
important principal component (Hubley-Kozey et al., 2002). If a subject has a high Z score for a
particular principal component it means that their waveform exhibits a large amount of variation

for the particular feature picked up by that principal component.
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Appendix B: The Test-retest Reliability of Trunk EMG — Focusing on the Amplitude and
Temporal EMG Characteristics Analyzed using Principal Component Analysis.
Electromyography (EMG) is an important measurement technique that provides an
objective measure of the electrophysiological process associated with the generation of force in
muscles (De Luca, 1997). EMG has been extensively used in the study of low back disorders as
it has been hypothesized that abnormal muscular activation patterns are linked to dysfunction in
the biomechanical system of the spine (Panjabi, 1992). The EMG signals are most commonly
analyzed by evaluating amplitude, temporal and frequency variables. However, there is a large
amount of inherent variability in EMG signals due to several factors such as electrode
placements, signal crosstalk and spatial filtering (De Luca, 1997), which can mask true
differences. To make day to day comparisons, establishing reliability of an EMG measurement

protocol is necessary.

Reliability refers to the consistency of a test or measurement (Weir, 2005). It is easy for
the seemingly clear concept of reliability to become unclear as it can be assessed in several
different contexts. Inter-rater reliability tests the consistency of a measurement performed by
several different investigators and is quite different than test-retest reliability, which tests the
consistency of a test performed by the same investigator at different time points. For this study
we were interested in test-retest reliability, sometimes referred to as repeatability. This was
necessary to establish since study two (Chapter 5) in this thesis examined EMG from tests
performed on different days of a subject’s menstrual cycle. It is important to establish that any
differences that appear in the data between days is due to the independent variable being
examined (time point in menstrual cycle) and not due to some inherent variability within the test

protocol. To improve reliability all tests were performed by the same investigator.
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Good within-day test-retest reliability of trunk muscle EMG has been reported in healthy
subjects (Allison et al., 1998; Dankaerts, O'Sullivan, Burnett, Straker, & Danneels, 2004;
Danneels et al., 2002; Danneels et al., 2001; O'Sullivan, Twomey, & Allison, 1998). However,
more pertinent to study two, between-day reliability of trunk muscle surface EMG has been
evaluated with varying results. Danneels et al., 2001 reported that amplitude measures of spinal
stabilizer muscle EMG during a wide range of exercise demonstrated good between-day
reliability (ICC > 0.75), although only when the tests were performed by the same investigator
(Danneels et al., 2001). Dankaerts et al., 2004 reported reliability of trunk muscle surface EMG
for both healthy subjects and subjects with low back pain. They demonstrated between-day
reliability that was excellent during sub-maximal exercises (ICC mean = 0.88, range 0.75 - 0.98)
and acceptable during maximal voluntary contraction (MVC) exercises (ICC mean = 0.7, range

0.19 - 0.99).

A confusing aspect of reliability studies are the multitude of reliability calculations
available to be used. Weir discusses the different calculations such as Pearson r coefficients,
coefficients of variation, limits of agreement from Bland-Altman plots, and intra-class
correlation coefficients to evaluate reliability (Weir, 2005). The Pearson » coeffiecient is
probably the most commonly used index of reliability, however its use is discouraged for
assessing test-retest reliability as it does not detect systematic differences (Weir, 2005). Bland-
Altman plots are useful for visually inspecting the overall reliability of the data but using the
limits of agreement produced by the plots as an index of reliability has been criticized (Hopkins,
2000; Weir, 2005). Intra-class correlations (ICCs) are commonly used in the test-retest literature.
An ICC is a relative measure of reliability derived using a ratio of variances from ANOVA.

However limitations exist in the use of ICCs on small homogeneous populations or those with
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large variability that are tested on only two occasions. Paired t-tests can also be used when
assessing the test-retest reliability of a measure from two occasions using the same subjects to

see if there is a consistent and significant difference between the two measures.

The purpose of this study was to assess the test-retest reliability of amplitude and
temporal characteristics of EMG signals collected during a dynamic leg-lifting task, the TST.
Amplitude and temporal characteristics of the data were extracted using a data analysis technique
called Principal Component Analysis (PCA) which allows EMG waveforms to be given
Principal Component (PC) scores based on how closely they represent Principal Components
generated that capture overall trends in the data (See Appendix A for details). Reliability of PC
scores generated representing amplitude and temporal characteristics of the EMG waveform data

were assessed using paired t-tests.
Methodology
Subjects

Five young healthy women participated in the reliability test. Participants were between
20 and 30 years of age (mean age of 24.8 + 2.7 years, mean BMI of 21.9 + 2 kg/m?). Subjects
were excluded if they had experienced any low back pain episodes within the past 12 months or
if they had ever experienced a low back injury severe enough to require medical assistance. The
presence of any neurological, musculoskeletal, vestibular or cardiorespiratory conditions also
excluded a subject from the study. If subjects were not taking oral contraceptives they were

tested at times that were not near ovulation time (not tested on cycle days 12-16).
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Procedure

Prior to testing participants were given a complete description of the experimental
protocol and risks and signed an informed consent form in accordance with the Health Sciences
Research Ethics Board, Dalhousie University. Subjects came into the lab a total of two times on
back-to-back days. During the first test session the subject’s demographics (age and sex) were
recorded as well as structural anthropometric parameters: body mass (kg) and height (cm). A
brief assessment was performed by the principal investigator to check for normal posture and

evidence of abnormalities such as scoliosis.

Experimental Task

The experimental task evaluated was the trunk stability test (TST) (Clarke-Davidson &
Hubley-Kozey, 2005) (See Figure 2.2). Prior to beginning the task subjects were instructed to
perform an abdominal hollowing maneuver. Proper timing of the task was ensured using event
markers generated by pressure sensitive switches located on the right foot, the top of the right
thigh and the crossbeam. Prior to data collection during the first session the subjects practiced the
TST at least 5 times until they were able to perform it correctly with proper timing and
technique. During each test session the subject performed five trials of the task with a 1 minute

rest period between each trial.

Data acquisition

A surface EMG system (3-8 channel, Bortec Inc., Calgary, Alberta) was used for
recording the myoelectric signals from 24 muscle sites on the back and abdominals. The EMG
signals were pre-amplified (500x) and then amplified differentially (Bandpass 10-1000Hz; input
impedance > 10GQ; CMRR 115dB) with three AMT-8 EMG systems (BortecInc. Calgary,
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Alberta). The analog signal were sampled at 2000Hz using a 16-bit analogue-to-digital (A/D)
converter (National instruments, CA-1000) using LABVIEW. Triggering signals from various
sources during the tests were collected so that the EMG signals could be analysed in terms of

timing phases.

Twenty-four pairs of silver/silver chloride electrodes (Red Dot, 10mm) were placed over
the back and abdominal muscle sites (30 mm inter-electrode distance). Standardized landmarking
procedures were used for placing the electrodes properly over six bilateral abdominal sites and
six bilateral back sites. The abdominal muscles that were monitored include the rectus
abdominus, the external obliques and the internal obliques. The back muscles that were
monitored included the erector spinae (longissimus and iliocostalis) at different lumbar levels,
the quadraus lumborum and the multifidus (Butler, Hubley-Kozey, & Kozey, 2009b). Though
the electrode placements were standardized, minor location adjustments were made based on
individual anthropometrics and palpations. Three ground electrodes were placed over the iliac
crest as a reference for each amplifier. All electrodes were placed along the muscle fibers of the
underlying muscles. Prior to electrode placement to reduce skin resistance standard skin
preparation methods were used, which include shaving hair if necessary and abrading the skin
with alcohol swabs (Vezina & Hubley-Kozey, 2000). Skin impedance was checked with a multi-
meter (Fluke 77) to ensure it was below 200KQ before beginning testing. This is well below the

acceptable skin/electrode to amplifier impedance ratio of 1% (Soderberg, 1992).

Validation exercises were used to isolate specific muscles to ensure proper electrode
function and placement for each muscle site consistent with published protocol (Butler, Hubley-
Kozey, & Kozey, 2009a; Butler, Hubley-Kozey, & Kozey, 2009b; Butler et al., 2010). During

the validation exercises the signals were checked for quality to ensure low noise and good signal
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with the gains on each channel adjusted to ensure maximum signal without the signal being

clipped.
Normalization Procedures

A series of normalization exercises were performed to produce a maximal voluntary
isometric contraction (MVIC) to which all data was normalized. A total of eight different
isometric exercises previously used for normalization (Butler, Hubley-Kozey, & Kozey,
2009b)were performed to recruit MVICs from all muscle sites. During the isometric maximum
contractions subjects were kept in a static position with the help of several straps. Manual
resistance was provided as well, though more for proprioceptive purposes as the straps resisted
the force produced by the subject. All normalization exercises were held for three seconds with a

two minute rest interval between each contraction.
Motion Measurement

The Flock of Birds ™ (FOB) motion system (Ascension Technology Inc., Burlington,
Vermont) was used to monitor motion of the pelvis during the TST task. One electromagnetic
sensor was placed on the subject’s left iliac crest (See Figure 3.1). The sensor provided 6 degrees
of freedom (x,y,z displacement, yaw, pitch and roll rotations) with respect to a global coordinate
axis system located in the FOB source. Minimal pelvic motion was desired and thus any trials
with excess motion were excluded from analysis. The analog signals were sampled at 50 Hz by a
16-bit analogue-to-digital (A/D) converter (National instruments, CA-1000) using LABVIEW.
The measurements were not directly related to the anatomical reference frame however, yaw

most closely represents anterior/posterior tilt of the pelvis, pitch most closely represents
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horizontal rotation (side to side) of the pelvis and roll most closely represents up and down tilt of

the pelvis in the frontal plane.

Data Processing

All raw EMG signals were visually inspected for quality and noise levels or artefacts (eg.
spikes, DC offsets). A custom program in Matlab® (MathWorks, Inc., Natick, MA. Version 7.3)
was used to process the data. A recursive fifth order Butterworth high pass filter at 30Hz was
used to remove the ECG signal from any low amplitude EMG signals in which it was present.
The power spectrum was calculated for each EMG signal and if low level noise from the FOB
system was detected it was removed with an inverse Fast Fourier transform. The raw EMG was
corrected for the system and subject bias, adjusted for the true channel gain and full wave-
rectified. The signals was then filtered with a 6Hz second order recursive Butterworth low pass
filter to create a linear envelope profile. The normalization trials were used to determine the
maximum amplitudes for each of the 24 muscle sites using a 500 msec moving window (Vezina
& Hubley-Kozey, 2000). The maximum amplitudes were used to normalize the EMG signals for
all trials resulting in EMG patterns that are reported in percent maximal voluntary isometric
contraction (%MVIC). All EMG signals were time normalized to 100% of the movement from

right foot off to right foot on using a linear interpolation algorithm.

The kinematic motion data from the FOB was low-pass filtered at 1-Hz using a recursive
second order Butterworth filter using a customized program in Matlab® (MathWorks, Inc.,
Natick, MA. Version 7.3). The angular displacement of the marker was calculated as the

difference in degrees between the maximum and minimum angular positions during the task.
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Data Analysis

EMG patterns were extracted from the waveforms using Principal Component Analysis
(PCA). PCA was performed using a customized Matlab® (MathWorks, Inc., Natick, MA.
Version 7.3) program (Hubley-Kozey et al., 2009). To increase the strength of the PCA model
for this smaller study the EMG waveforms generated from the five subjects on the two separate
days were also combined with the EMG waveforms collected in the second study of this thesis
(Chapter 5). Increasing the number of curves included in the model increases the ability of the
model to describe overall trends seen in the data as opposed to features seen in single subjects.
Two separate PCA models were run, one for the 12 abdominal muscle sites and one for the 12
back muscle sites. The PCA process is described in more detail in Appendix A. Briefly, an
eigenvector decomposition was computed on the covariance matrix developed from all of the
ensemble averaged EMG profiles from each individual trunk muscle for all participants. Data
matrix dimensions were n (336) x p (101). Principal components (PCs) were extracted from the
transformed matrix which represents overall trends seen in the data. Each PC captures a different
feature of the EMG waveform data. Each measured waveform was given a PC score for each PC
based on how similar the waveform is to the PC curve. PC scores can then be used in statistical

analysis to compare temporal synchronies in the EMG between the two test days.

Statistical Analysis

Paired t-tests (o = 0.05) were run to assess the differences in data between days for all 24

muscle sites for the first 2 (backs) or 3 (abdominals) PCs generated.
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Results

Descriptive data for the subjects can be found in Table B1. The trunk FOB sensor
captured angular motion of the pelvis in three directions (Yaw (Z), Pitch (Y) and Roll (X)). The
greatest motion was in the direction of anterior/posterior tilt of the pelvis (Yaw) and was on
average a maximum of approximately 4 degrees (2 degrees to each side of the midline).
Differences between the two days were less than 0.3 degrees for all three directions and none of
these differences were significant (See Table B2). These data confirm that minimal motion
occurred during testing. There was no statistically significant difference in the time it took to
complete the task on the first day (7.86 secs = 0.36 secs) compared to the second day (7.83 secs

+ 0.28 secs.

Table B1: Subject demographics. Average values with standard deviations in brackets. N=5.

Age

Mass (Kg)

Height (cm)

BMI (kg/m’)

24.8 (2.7)

60.3 (5.6)

166.1 (3.4)

21.9(1.8)

Table B2: Pelvic motion data. No significant differences (p<0.05) between days.

Ant/Post Tilt (Yaw) Hor Rotation (Pitch) Side Flexion (Roll)
Day 1 4.1 (£1.1) 1.9 (£0.7) 3.0 (£0.5)
Day 2 4.1 (£1.0) 2.0 (£0.5) 3.2 (£1.1)

Note: Ant/Post = Anterior/Poster and Hor = Horizontal.
Abdominal EMG Waveform Analysis

EMG waveforms for all abdominal muscles during test day 1 and test day 2 are
depicted in Figure B1. Visual inspection of the figure reveals that the day 1 and day 2 waveforms
were very similar for most of the muscle sites. Subtle variation in muscle activation throughout
the movement in the trunk sites was confirmed by PCA since 90.2% of the variance in the data

was explained by 3 PCs (See Figure B2). PCI captured the overall amplitude and shape
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characteristics of the waveforms (See Figure B2A) and PC1 score is highly correlated to RMS
amplitude (Hubley-Kozey et al., 2009). PC2 captured an increase in amplitude of the EMG
signal during the middle of the motion when the right leg was being extended, relative to the
beginning of the motion. Muscles with high PC2 scores increased their activity in response to the
leg lifting task whereas muscles with low PC2 scores pre-activated and maintained a consistent
level of activity throughout the entire task (See Figure B2B). PC3 captured a spike in activity at
about 15% movement time corresponding to when the left leg was lifted off the bed (See Figure

B2C). Representative high and low scoring curves for each of the 3 PCs are also depicted in

Figure B2D, B2E and B2F.
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Figure B1: Ensemble average EMG waveforms for each of the 12 abdominal muscle sites averaged
across subjects for day 1 and day 2. RLRA = right lower rectus abdominus; LLRA = left lower rectus
abdominus; RURA = right upper rectus abdominus; LURA = left upper rectus abdominus; REO1= right
external oblique site 1; LEO1 = left external oblique site 1; REO2= right external oblique site 2; LEO2 =
left external oblique site 2; REO3= right external oblique site 3; LEO3 = left external oblique site 3; RIO
= right internal oblique; LIO = left internal oblique.
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Figure B2: First three principal components for the abdominal muscles. Blue shading on curves A, B
and C indicate portions of the curve where the most variance in the data is described by the PC. A) PC1
which explains 83.1% of the waveform variance; B) PC2 which explains 4.8% of the variance; C) PC3
which explains 2.3% of the variance; D-F) High and low scoring curves for PC1-3 with high scores
shown in blue and low scores shown in red and the average high and average low scores bolded.

Three scores were significantly different between days. Of the 36 tests run this represents
8% of the tests which is only slightly higher than the 5% of tests that would return a significant
result by chance. The scores that were significantly different were PC2 scores for RLRA (higher
on day 1), PC2 scores for RIO (higher on day 2) and PC3 scores for LIO (higher on day 2) (see
Table B3). Examining the averaged EMG waveforms in Figure B1 it appears that largest
differences between the days occur in the LLRA and the LEO1 and therefore one might have
expected those muscle sites to have shown significant differences between days. However when
the EMG data for each separate subject is examined it becomes clear that the large differences
seen in the averaged EMG curves are driven by one outlier subject having a very different LLRA
waveforms between days and another outlier subject having very different LEO1 waveforms
between days. These large differences seen in specific EMG curves in these two subjects
between days could possibly be due to problems recruiting the specific muscle during

normalizations on one specific day. With a small sample size of only 5 subjects these
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inconsistent differences can be seen in the averaged waveforms, however with a larger sample
size they would likely be washed out.

Table B3: P-values from paired t-tests comparing PC scores on day 1 to PC scores on day 2. Significant
differences between day 1 and day 2 were found in PC2 for RLRA and RIO and in PC3 for LIO. *
indicates that the PC scores were statistically higher for day 1 and ** indicates that the PC scores were
statistically higher for day 2.

PC1 PC2 PC3

Muscle | Day 1 Day 2 P-value | Day 1 Day 2 P-value | Day 1 Day 2 P-value

RURA | 444 =142 22.4+104 0.482 13.6+£26 | -7.9+19 0.027* 6.5=+11 8.1+14 0.782

LURA | 20.0=112 49.3 £158 0.323 94+15 6.8 + 28 0.721 164+10 189+16 | 0.727

RLRA | 81.7=x161 71.0 £ 136 0.855 9.2+23 -9.4+25 0.052 134+17 | 99+21 0.475

LLRA | 243+97 151 +120 0.183 104+15 | -2.1£38 0.380 144+12 16.6 £14 | 0.731

REO1 16.9 £ 105 -9.7+£119 0.627 -19.6+53 | -14.1£45 | 0.813 -5.0+14 2.6+ 15 0.118
LEO1 72.9 £204 -14.7+140 | 0413 -9.5+£35 -14.7+48 | 0.814 7.0 +22 0.8 +35 0.423
REO2 -1.8+114 -30.0 £ 62 0.612 -14.0+30 | -3.8+15 0.282 -82+6.1 | -7.1+£12 0.832
LEO2 -14.2 £108 -18.0+127 | 0.928 -7.8+£20 2.5+ 15 0.342 4.6+ 10 -3.3+16 0.241
REO3 -66.5 + 60 -942+17 0.368 -0.6£18 -3.1+22 0.750 -5.5+81 | -59+£8.1 | 0.951
LEO3 -66.9 + 57 -57.5+57 0.142 -3.0+11 -54+18 0.678 -6.3+47 | -57+45 | 0.831
RIO 66.1 £ 55 124 £ 78 0.060 -32.4+£26 | -56.5+16 | 0.017** | -2.1+16 7.0+11 0.367
LIO 30.5+129 499=+111 0.428 -7.2+30 -13.5+41 | 0.717 19.7+8.0 | 27.8+9.4 | 0.033%*

Back EMG Waveform Analysis

EMG waveforms for all back muscles during test day 1 and test day 2 are depicted in
Figure B3. Subtle variation in muscle activation throughout the movement in the trunk sites was
confirmed by PCA since 96% of the variance in the data was explained by 2 PCs (See Figure
B4). Like in the abdominals PC1 in the back extensors captured the overall amplitude and shape
characteristics of the waveforms (See Figure B4A). PC2 captured a pattern of varied amplitude
in the signal over the course of the task with reduced amplitude at the start and end of the task
compared to the middle (See Figure B4B). Paired t-tests (a = 0.05) between the two days for

both PC scores for each of the muscle sites were not significantly different between days.
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Figure B3: Ensemble average EMG waveforms for each of the 12 back muscle sites averaged across subjects
for day 1 and day 2. RL13=right medial erector spinae (level L1); LL13= left medial erector spinae (level
L1); RL16= right lateral erector spinae (level L1); LL16= left lateral erector spinae (level L1); RL33= right
medial erector spinae (level L3); LL33= left medial erector spinae (level L3); RL36= right lateral erector
spinae (level L3); LL36= left lateral erector spinae (level L3); RL48 = right quadratus lumborum; LL48 = left
quadratus lumborum; RL52 = right multifidus; LL52 = left multifidus.
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Figure B4: First two PCs for the back muscles. Blue shading on curves A and B indicate portions of the curve
where the most variance in the data is described by the PC. A) PC1 which explains 91.4% of the waveform
variance; B) PC2 which explains 5.0% of the variance; C-D) High and low scoring curves for PC1-2 with high
scores shown in blue and low scores shown in red and the average high and average low scores bolded.
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Table B4: P-values from paired t-tests comparing PC scores on day 1 to PC scores on day 2 are shown in

brackets. No significant differences were found between day 1 and day 2.

PC1 PC2

Muscle Day 1 Day 2 P-value Day 1 Day 2 P-value
RL13 -144+12 [ -123+14 | 0.350 1.1+1.8 026+1.2 0.223
LL13 7.8+ 49 13.4+54 |0.277 9.8+ 18 9.5+ 18 0.614
RL16 -3.0+£7.0 [82+£17 0.086 2.1+3.8 -3.5+6.1 0.292
LL16 19.6£56 [432+87 |0.170 15.1+26 17.1 £33 0.589
RL33 -122+19 | -13.0+14 | 0.893 0.81+1.5 1.1+1.9 0.408
LL33 -9.4+22 -13.8+12 | 0.485 23425 22+1.6 0.856
RL36 -11.2+18 [ -13.2+12 | 0.766 -025+12 |-001+£2.1 |0.781
LL36 -7.0+21 92+12 0.798 28=+1.9 26+1.3 0.792
RL48 8.8+3l1 54+17 0.769 -4.7+4.0 2.0+£2.0 0.343
LL48 18.4+40 | 16.0+34 | 0.885 24+3.6 1.4+3.7 0.402
RLS52 6.5+ 11 16.2+27 |0.376 -3.9+0.8 -44+54 0.826
LL52 5622 6.6 =25 0.925 -2.5+0.6 22+43 0.869
Discussion

Three principal patterns from each of the two PCA models run captured the dominant

amplitude and temporal features in the EMG waveforms of the 12 abdominal and 12 back

muscle sites. The three patterns from the first analysis explain the majority (90.2%) of the

variability of the abdominal site EMG waveforms whereas the two patterns from the second

analysis explain the majority (96.4%) of the variability of the back muscle site EMG waveforms

(Figures B2 & B4).

The overall purpose of this study was to assess the test-retest reliability of a highly

standardized surface EMG protocol for analyzing a controlled dynamic leg lifting task and to

determine if any specific muscles sites measured show less reliability compared to others. Paired

t-tests run on PC scores from day 1 and day 2 for all muscle sites found minimal significant

differences between the two days in the 5 PCs analysed for any of the 24 muscle sites. Overall

out of the 60 t-tests run only 3 indicated significant differences between the two days (see Table

B2 & B3), representing 5% of the tests run. Statistically this is the same as the percentage of tests
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(5%) that should return significance by chance as the alpha level of the t-tests was set at 0.05.
There seems to be no systematic pattern in which PCs or which muscles showed these few
differences. The muscles that showed significant differences in one of the three PC scores

between test sessions are RLRA, RIO and LIO.

A possible source of variation between the two test sessions is any training effect seen
within the subjects as they become more familiar with the task. Prior to beginning testing during
the first session all subjects practiced the TST task at least 10 times in an attempt to eliminate
any training effect. Most studies do not include any more practice than this in their protocol, with
many including no practice (Dankaerts et al., 2004; Danneels et al., 2001; Lariviere et al., 2000;
Lariviere et al., 2002; Mathur, Eng, & MaclIntyre, 2005). It may be that novel stability exercises,
such as the TST task, are the ones that need the most practice to produce repeatable EMG
responses. Danneels found that out of a large subset of exercises examined the only ones that did
not show good reliability in amplitude and frequency EMG parameters were exercises that
involved balancing, one of which involved a leg extension similar to the TST (Danneels et al.,
2001). This justifies the necessity of more practice for more demanding exercises that challenge
stabilizer muscles such as the TST task. In the study in Chapter 5 of this thesis the TST task was
practiced in the lab during a separate practice session scheduled before the test session and

further practiced at home by the subject 3 times prior to testing.

Other studies have reported that reliability of EMG measures during maximal
contractions have lower levels of reliability than during submaximal exercises (Lariviere et al.,
2000; Mathur et al., 2005; Yang & Winter, 1983). In our protocol maximal contractions were
collected during the normalizations and were used to normalize all other EMG data to MVIC. In

this protocol the normalization exercises were not practiced however it is possible that since
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maximal contractions have more inherent variability than submaximal contractions practicing
them could benefit the reliability of a protocol. Therefore in the study in Chapter 5 of this thesis,
protocols for the normalization exercises were practiced prior to testing during a separate
practice session. Furthermore, using a series of normalization exercises like in the studies in
Chapter 4 and 5, as opposed to a single exercise has been shown to improve the reliability of

MVICs (Burden & Bartlett, 1999; Kavcic et al., 2004).

Overall, the results of this study suggest that the reliability of amplitude and temporal
characteristics of EMG data analyzed using PCA are acceptable for the protocol reported above.
One problem with assessing reliability in the type of homogeneous population tested with this
type of data is that there does not exist a well-established, commonly used tool. Paired t-tests,
were used to get an overall picture of the reliability of the data and to test for any systematic
differences seen in the data between test sessions. It was concluded that the adjustments in the
protocol (adding more practice of the experimental task and well as the normalization exercises)

could help to improve reliability for future studies.
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