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Abstract

The pathology of low back pain (LBP) is often unclear, despite the fact that it is the most
common musculoskeletal disorder (MSD) with hundreds of thousands of workers afflicted. One
underlying mechanism that may contribute to LBP is muscular imbalance (MI) among the
lumbar paraspinal and core muscles. It has been hypothesized that MI contributes to LBP, and
that MI may be more pronounced in subjects that present with LBP than those without. It follows
that, if MI can be reduced, LBP may subsequently be mitigated. It is possible that certain
exercise regimens may reduce imbalance and therefore LBP related to such imbalances. The
purpose of this doctoral work was to examine this relationship between MI and LBP.
Specifically, this work sought to establish a novel method of quantifying MI, assess the linear
relationship between MI and LBP, investigate physiological changes in trunk musculature and its
relationship with Ml-related LBP over time, and evaluate the effects of various forms of MI on
MSDs using an epidemiological database of workers while controlling for psychosocial factors.

Magnetic Resonance Imaging (MRI) was used to collect scans of the low back and core
muscles in subjects to precisely measure cross-sectional areas (CSAs) and mechanical lever arm
lengths (MLALSs). These scans were then used to quantify the degree to which muscles were
imbalanced. Data regarding pain and exercise were collected via weekly subject survey on
exercise intensity and duration, and LBP ratings. A cross-sectional analysis of the data examined
MRI-derived lumbar paraspinal and core muscle CSAs from female subjects was conducted to
assess the correlation between MI and LBP. A prospective analysis was used to evaluate how MI
and LBP may change over time. A cross-sectional analysis was conducted to validate the proof

of concept of physical imbalance and its impact on MSDs using an epidemiological ergonomic



database consisting of health data on several measures of imbalance and their associations with
LBP and the likelihood of LBP related medical attention sought.

A new measure of MI was established (Mlew) and compared to previously accepted
measures of MI (Mlcsa). Mlnew incorporates MLALSs in combination with CSAs to correct for
the individual mechanical advantages of paraspinal and core muscles to provide a more inclusive
measure of MI than CSA difference alone. Linear regression found that exercise was not
significantly related to LBP development and symptoms. Linear regressions determined that the
L3/L4 spinal level was more associated with LBP than other levels. Tai Chi exercise was found
to have some protective effect for MI and LBP. Different definitions of MI were investigated to
test the underlying hypothesis that M1 is causally related to pain. Significant odds ratios were
found with respect to LBP and imbalance in an occupational setting, Age was shown to be
strongly associated with imbalance.

This work is important in that it investigated novel models for measuring core muscle
imbalances to provide input for evidence-based practice (EBP) guidelines. Establishing a model
for measuring MI may help improve biomechanical models by introducing a new type of
personal characteristic that may impact MSD risk, and subsequent pain. Exercises designed to
stabilize and strengthen the core muscles have been shown to not only strengthen the paraspinal
muscles but may also reduce LBP. This work adds to the growing body of literature suggesting
the clinical benefits of incorporating low impact exercise in daily life to prevent/treat LBP.
Meaningful results such as these provide evidence to conduct larger, more inclusive research
studies on Ml related LBP, and potential MI exercise interventions to prevent or alleviate LBP

symptoms.
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Chapter 1

Introduction

1.1 Musculoskeletal Disorders and Low Back Pain

Musculoskeletal disorders (MSDs) are among the most prevalent injuries across a variety of
individuals and age groups. The Center for Disease Control (CDC) defines an MSD as a disease
or disorder of the musculoskeletal system and its connective tissue due to an event or exposure
resulting in a bodily reaction (CDC). MSDs are not only painful, but are very costly, and a
hindrance to both workers and the environments in which they work (Bhattacharya, 2014).
MSDs impact more than just work, they also influence quality of life and can persist after
retirement. MSDs have consistently been the occupational injury that results in the greatest days
away from work (Bhattacharya, 2014).

According to the Bureau of Labor Statistics (BLS), there were 272,780 total cases with days
away from work in private industry in the United States due to MSDs, the incidence rate of
MSDs was 27.2 per 10,000 full time workers, and the median days away from work was 12 in
2018 alone (BLS, 2020). Occupational exposure to physical risk factors is commonly associated
with MSDs. These physical risk factors include bending, climbing, crawling, reaching, twisting,
repetitive motions, and working for extended periods of time with highly repetitive tasks at non-
neutral postures. Examples of MSDs include overexertion, sprains/strains/tears in muscle
ligaments and tissues, low back pain (LBP), cumulative trauma disorders and disc herniations
(CDC).

LBP is the most common MSD from which individuals suffer (Vos, Theo, et al. 2017). In

2010, the prevalence rate of self-reported LBP was 25.7% (Yang, Haiou, et al., 2016). The
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prevalence of LBP was over one-fourth of the population in the USA in the year 2006 (Deyo, et
al, 2006). The lifetime prevalence of LBP in the USA was 80% in 2007 (Rubin 2007).

LBP is one of the most common MSDs resulting in disability and days away from work
(Ekman et al, 2001). The prevalence of LBP has been estimated to be more than one-quarter of
the United States population (Deyo et al, 2006). In 2014, OSHA reported that the cost of workers
compensation was about $1 billion per week. The National Health Interview Survey reported that
at least 50% of adults in the United States had MSDs, with 20.3% of those experiencing LBP.

In 2016, the back was the most common body part associated with MSDs resulting in
days away from work (BLS, 2016). Back-related MSDs made up 38.5% of MSDs that occurred
in 2016 (BLS, 2016). Out of 349,550 total cases, 134,550 were back related cases (BLS, 2016).
Back injury rates have remained relatively high for the past 50 years (BLS). Back-related MSDs
had an incidence rate of 9.6 per 10,000 full time workers with 98,540 cases in 2019 (BLS, 2019).

The number of cases of LBP incidents resulting in emergency hospital visits from 2004 and
2008 was 2.06 million (Waterman et al, 2012). The BLS indicated that the body part most often
affected by MSDs was the trunk and low back (52%) of all MSD cases, and 43% of all trunk-
related MSDs were related to the low back. It is estimated that two-thirds of adults will
experience LBP in their life (Deyo, 2001). The cause of LBP remains unclear for 85% of cases
(Deyo, 2001). It is very likely that LBP will reoccur in people who suffer from it. Approximately
60% to 84% of people will experience recurrent symptoms (Bergquist-Ullman et al, 1977; Von
Korff et al, 1993; Hides et al, 2001).

Work in the automotive manufacturing industry have been highly associated with MSDs
(Punnett, et al 2004). Ergonomic programs have been implemented in automobile assembly

plants to protect workers from working for long periods of time in awkward, extended, or
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stooped postures (Fowler, 2010). MSDs were deemed the worst occupational hazard in an
occupational epidemic in the 1990s (Herrington and Morse, 1995). Workers who are required to
perform manual material handling (MMH) spend a substantial amount of time lifting, holding,
moving with, and lowering materials of different weights.

1.2 Cost of Musculoskeletal Disorders and Low Back Pain

There are many costs associated with occupational injuries and illnesses. The Department
of Labor (DOL) reported on the different types of costs associated with occupational injury and
illnesses in 2016 (DOL, 2016). The total cost of accidents arising from occupational injuries and
illnesses is comprised of both the direct and indirect costs. Workers’ compensation, legal fees,
and medical expenses only account for the direct costs. Indirect costs, such as retraining,
accident investigation, maintenance and repairs, loss of productivity, abatements, diminished
employee morale, absenteeism and decreases in production substantially increase the cost
associated with occupational injuries (DOL, 2016).

MSDs make up approximately 30% of all workers compensation costs, with almost
400,000 injuries per year (BLS, 2020). The direct costs associated with MSDs are estimated to
equal $20 billion a year, with total (direct and indirect costs) costs estimated to be $45-$54
billion per year (The Occupational Health and Safety Administration (OSHA)). MSD related
indirect costs may be up to five times the direct costs, due to lost productivity, product defects,
and days away from work. MSD injuries and illnesses result in 38% more lost time on average
than other injuries and illness cases (BLS).

The societal cost of LBP is very high, with money needed to pay doctors’ fees, to purchase
medicine, and for diagnostic processes. X-Rays, Computed tomography (CT) and magnetic

resonance imaging (MRI) are frequently used to help diagnose and treat LBP. The number of
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people suffering from LBP has not decreased despite the billions of dollars spent on LBP relief
every year. LBP is a chronic debilitating illness that severely hampers the quality of life and
capability of sufferers, even though it isn’t considered lethal. Back injuries are expensive, with
an average of $8,000 in direct costs (Webster and Snook, 1994).

Back injuries make up about half of the MSD cases reported each year (BLS). LBP costs
make up a third of all workers compensation costs (Webster and Snook, 1994). It has been
estimated that the annual cost due to LBP is $100 billion (Katz, 2006). Despite the high
occurrences, hazards, and costs of LBP, workplaces still appear resistant to altering workstations
and modifying work tasks to prevent it.

1.3 Muscular Imbalance and Low Back Pain

MSDs develop as a result of how the body responds to the forces that act on it over time
(CDC). When forces act upon the body as with lifting and material handling, the body exerts its
own force to counteract those loads; this can result in reaction forces that exceed the body’s
capabilities at certain levels and locations (National Research Council (US) and Institute of
Medicine (US) Panel on MSDs and the Workplace). Psychophysical studies have been
conducted by asking subjects to adjust their work to a self-perceived acceptable level of work
(Kolstrup, 2012).

There are numerous physical changes to the human body, that can contribute to the
development of MSDs. These changes include exercise induced muscular development
(hypertrophy), muscular loss (atrophy) from lack of activity and sedentary lifestyle, and
disorders related to physical overuse. There have been many causal factors related to LBP
including sprains and strains of the paraspinal muscles, applied forces, and intervertebral disc

(IVD) degeneration (National Institutes of Health (NIH), 2013). Muscular imbalances (MI) have
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been hypothesized to contribute to the development of LBP, however, this mechanism is not as
well understood and has not been investigated as thoroughly as other factors (Nadler, 2002;
Oddsson et al, 2003; Fredricksburg Chiropractic).

Since most causes of LBP remain unknown, studies have been conducted to determine
possible causal contributors to LBP. MI has been hypothesized to be a contributor and/or risk
factor for LBP (Hides et al, 2008; Hides et al, 1996; Hides et al, 1994; Danneels et al, 2000;
Kamaz et al, 2007; Mengiardi et al, 2006; Kjaer et al, 2007; Ploumis et al, 2011; Barker et al,
2004; Kulig et al, 2009; Beneck et al, 2012; Kader et al, 2000; Kang et al, 2007; Kim et al, 2011;
Wallwork et al, 2009; Chan S- et al, 2012; Engstrom et al., 2007; Stewart et al, 2010; Lavender
et al,1989).

Previous research aimed to determine how asymmetry resulting from a difference in the
left and right cross-sectional areas (CSAs) of the paraspinal muscles creates a MI (Hides et al,
2008; Engstrom et al., 2007; Stewart et al, 2010; Lavender et al,1989). Several studies have
shown that symptomatic patients with LBP have relatively smaller paraspinal muscles than those
who are asymptomatic with no LBP (Hides, et al 2008; Beneck, et al 2012; Chan et al, 2012;
Danneels et al, 2000; Cooper et al, 1992; Kamaz et al, 2007). In other studies, this finding has
been contradicted (Danneels et al, 2000; Lee S- et al, 2006; McLoughlin et al, 1994). To date,
there have been no LBP studies that have quantified MI using mechanical muscle lever arm
lengths (MLALSs) or effective moment generating capability, such as the product of MLALSs with
CSAs.

Several studies have demonstrated that asymptomatic subjects tend to have symmetrical
paraspinal muscle CSAs by (Hides et al, 2008; Hides et al, 1994; Stokes et al, 2005). However,

for those with asymmetry, the painful side of the back may or may not have been the side with
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smaller CSAs. For example, in some studies, the symptomatic side tended to have smaller
paraspinal CSAs (Hides et al, 2008; Hides et al, 1994; Stokes et al, 2005) while in others, the
symptomatic side may or may not have had smaller paraspinal CSAs (Kader et al 2000; Hyun et
al, 2007; Batti¢ et al, 2012; Stokes et al, 1992).

However, asymmetry has not always been linked to LBP. For example, significant multifidus
asymmetry in an MRI-based study was reported by Niemeldinen (2011) in asymptomatic men
(Niemeldinen et al, 2011). In fact, several studies have reported paraspinal and core muscle
asymmetry in asymptomatic athletes (Engstrom et al, 2007; Hides et al, 2010; Ranson et al,
2008; Sanchis-Moysi et al, 2010; Sanchis-Moysi et al, 2011). It should be noted that in many of
those studies, the athletes performed sports requiring asymmetrical activities such as cricket,
bowling, and racquet sports. In all the aforementioned studies, only lateral (left/right) imbalance
of the paraspinal muscles was considered and all used muscle CSA as the determinant of MI.

1.4 Measuring Muscular Imbalance with Magnetic Resonance Imaging

MRI scans provide a reliable means for the quantification of biological parameters such
as CSAs of muscle tissues in a non-invasive manner. In the more recent decades, there has been
an increase in published research investigating the morphometric parameters of the paraspinal
muscles in patients reporting LBP using MRI. Several MRI studies have been conducted to
measure spinal geometry, muscular CSAs, MLALs vertebrae heights and lengths, and to identify
spinal disc degeneration (Tang, et al, 2015, 2016).

Previous work (Salar, 2017; Pentikis, 2017) has determined reliable means for estimating
CSAs and MLALSs using MRI and subsequently demonstrating how this information can be used

to improve the prediction of low back forces in biomechanical models. That research found
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average absolute left-right percentage differences across the lower lumber CSAs of ~5-20% for
asymptomatic healthy subjects (Pentikis, 2017).

A new method to measure MI may help assess the relationship between MI and LBP
using both CSAs and MLALSs, and combinations of CSAs and MLALSs. Imbalances have
commonly only been measured laterally, and anterior/posterior (A/P) MI measurements should
be introduced into a new MI measure for all core and trunk muscles individually and in
functional groups to provide a more accurate MI estimation than using CSA alone. This new
method may correct for the effective force production capability of paraspinal and core muscles.

1.5 Objectives of the Research

The broad goal of this dissertation is to establish whether MI, more specifically, of the
core and paraspinal muscles, is related to LBP and whether such imbalance can be meaningfully
reduced by core stability exercises. This study evaluates how specific individual muscular
balance characteristics impact LBP and if these factors can be modified to decrease LBP. This
work is significant as it will provide vital scientific knowledge regarding MIs and their
relationship to LBP and whether these imbalances can be reduced via systematic exercise. It is
important to determine whether or not MI can be reduced, even if they are not directly related to
LBP, so that a new type of personal characteristic that may impact MSD, risk and subsequent
pain may be introduced to future biomechanical models to prevent and reduce MSD risk.

Limited published research exists on the potential causes of paraspinal muscle asymmetry
(Hides et al, 2008; Hides et al, 1994). Due to the high number of possible determinants to
paraspinal muscular asymmetry, it is not known if changes in muscular morphology and
asymmetry are caused by LBP, are only risk factors for LBP; or if changes in musculature and

muscular asymmetry are both causes of LBP and risk factors for LBP. The relationship between
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LBP and its progression along with possible risk factors of paraspinal muscular asymmetry may
be important for understanding these relationships.

To date, there is no published research that has quantified muscle imbalance using MRI-
derived measurements of CSAs and MLALSs of the paraspinal and core muscles (psoas, erector
spinae, quadratus lumborum, rectus abdominus, and oblique muscles). This innovative approach
will relate ratings of LBP with lateral (right and left) as well as anterior posterior imbalances.
Imbalances will be quantified as in previous studies, but also by utilizing novel quantification
methods (A/P, the multiple muscles, and incorporate MLALS).

The objective of this doctoral work was to examine this relationship between MI and
LBP. To achieve this objective, we addressed the following specific aims:

e Specific Aim 1: Establish a novel method of quantifying MI and assess the linear

relationship between MI and LBP.

e Specific Aim 2: Investigate physiological changes in trunk musculature and its

relationship with MlI-related LBP over time.

e Specific Aim 3: Evaluate the effects of various forms of MI on MSDs using an

epidemiological database of workers while controlling for psychosocial factors.
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Chapter 2

Review of the Literature

2.1 Low Back Pain Etiology

LBP is currently one of the main health care problems both occupationally and non-
occupationally. It is estimated that up to 80% of the population report experiencing LBP at some
point in their life (Ruas et al, 2017). Many LBP cases are non-specific, having no obvious
precipitating event (Rithiméki, 1991). A subset of these LBP cases may be due to muscle
imbalance (Ruas et al, 2017; Nadler et al, 2001). MIs in the low back and core/trunk have been
referred to by various descriptors in the scientific literature including lower cross syndrome
(LCS), flexion-intolerant LBP, distal crossed syndrome, anterior pelvic crossed syndrome, and

posterior pelvic crossed syndrome.

According to Ruas et al. (2017),
“low levels of strength and/or flexibility of trunk, spine and hips have been pointed out as
either causes, consequences or influencing factors for the prevalence of the chronic lower

back pain condition.”

This was concluded after reviewing 14 studies conducted between 1983 and 2016 that
demonstrated that strength imbalances might be associated with LBP. The literature review also
called for more inclusive research to be conducted of diverse populations as most published

studies on the topic of MI and LBP investigate younger, male athletes. To date, most published
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research has also been limited to cross-sectional studies, and further longitudinal studies are
needed to determine the potential associations and causal factors of MI induced LBP.

Typically, once an MI has started to develop in the pelvic and low back area, pain begins
to occur. Posture and movement are compromised and change with the introduction of a MI and
pain. An anterior pelvic tilt, hip flexion, and hyper lordosis (excessive lordotic curve of the low
back) result from inhibited abdominal muscles and “tight,” inflexible psoas muscles, resulting in
a chronic stress load acting upon the lumbar spine (Norris et al, 1995; Milias, 2015; Janda et al,
1996).

2.2 Low Back Pain Related Injuries

MIs can occur when muscles are repeatedly shortened or lengthened in relation to one
another (Physiopedia, 2019). To put it more simply, MIs occur when opposing forces between
muscles provide different directions of tension (Muscle Imbalance Syndromes, 2019). These
imbalances may be contributed to by repeated movements or sustained postures, but they can
also result from a predisposition of specific muscle groups to tightness or weakness (Muscle
Imbalance Syndromes, 2019). Studies indicate that imbalances due to weakness can be corrected
via exercise and physical therapy.

Muscle tightness 1s defined as a muscle that feels stiff and has lost flexibility. MIs can
become dangerous when they lead to alternate patterns of movement or joint dysfunction,
resulting in injuries (Hutt, 2014). As tight muscles adapt to postures and movements, it is
common for individuals to develop imbalances. It is important to note that not all imbalances
lead to chronic pain or injury and that asymptomatic individuals have also been found to have
varying degrees of imbalance (Pentikis, 2017). However, as the level of imbalance increases, the

likelihood of pain generally increases (Fortin, 2014).
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Mitchell (2008) at Curtin University of Technology hypothesized that LBP was
influenced directly by regional differences in habitual lumbar spine posture and movement,
rather than the entire spine. Kim Hutt, in Dance UK, studied frequent movements and injuries of
dancers. Their report concluded that common dance specific faults could be a symptom or a
consequence of Mls that could predispose dancers to injury (Hutt, 2014).

The crossing and interaction of these muscles together can create joint dysfunction (Das,
et al. 2017). The weak muscles involved are typically the abdominals and the gluteus maximus,
while the tight muscles are generally the thoracolumbar extensors and hip flexors. Hamstrings
are typically tight when this syndrome occurs due to apparent compensation for pelvic tilt.
Untreated MIs in the low back may also contribute to further imbalances and subsequent pain
and injury in other body regions (Miller, 2017).

Examination for MI includes observation of the pelvis position as well as the shape, size,
and tone of inhibited muscles. Consequences of MI include overstress of hips and thoracolumbar
junction from muscular overcompensation, and an impairment of stature (slouching) and
function (Kerger, et al, 2016). Common treatments for MI include chiropractic manipulation,
stretches intended to reduce tension in some muscles, and exercises to build strength in others.

A study by Shriya Das measured weakness of abdominals and hip extensors, and
tightness of hip flexors and spinal extensors on 117 healthy male adults and 83 healthy female
adults. Results of this study concluded that prevalence of developing LCS is more likely to be
found in young women rather than young men (Das et al. 2017).

A flexed position of the back can result from many activities, for example, bending over
to pick something up, sitting at a computer at work, or driving an automobile. Those who suffer

from MI may have a type of “flexion-intolerant LBP,” or are sometimes referred to as
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“chronically flexed people” (Dionne, 2018). Chronic flexing of any region of the spine can result
in LBP (Mitchell, 2008). This type of flexion-intolerant lower back pain resulting from MI can
be a difficult to quantify without medical imaging (Heller, 2014). In addition, the condition of
the discs themselves (i.e., disc degeneration) cannot be assessed without such imaging because of
the location of the disc (surrounded by muscles) (Heller, 2014). It should be noted that some disc
degeneration may also be due to aging in older patients (Heller, 2014).

Several types of stretching are documented and demonstrated in “Evaluation and
Management of the Upper and Lower Crossed Syndromes” by Shawn Kerger and Richard
Schuster (Kerger, et al, 2016). Some of the stretches explained include iliopsoas stretch, rectus
femoris stretch, quadratus lumborum stretch, and gluteus maximus retraining. Another method
found to provide relief is activating/strengthening muscles and lengthening the duration of static
stretching (Miller, 2017). Therefore, stretching and exercise routines that involve these activities
should theoretically prevent and/or reduce MI and the subsequent pain associated with such MIs.

The development of MI can eventually lead to further physiological change in the
morphometric measurements of the paraspinal and core musculature. Several studies have been
published that indicate an association between lateral CSA differences of the paraspinal muscles
and LBP. Goubert and Fortin both found evidence that a smaller multifidus CSA is associated
with and predictive of LBP in their respective MRI studies. Systematic literature reviews have
previously only reported on studies that measured the CSA of the paraspinal muscles (Wan, et al,
2015; Fortin, Suri, Wan, Goubert, and Ranger). To date, no study has been published that
investigates the association between both the CSA of the paraspinal muscles AND the core/trunk

muscles (rectus abdominus and obliques) with LBP.
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Paraspinal muscle CSA asymmetry has been associated with LBP in patients in several
MRI studies (Hides, et al 2008; Beneck, et al 2012; Chan et al, 2012; Danneels et al, 2000;
Cooper et al, 1992; Kamaz et al, 2007). Those with LBP had different sized muscles on the left
versus right sides of their bodies. In several studies, the symptomatic side had the smaller CSA,
resulting in unilateral LBP on the smaller CSA side. To date, research has only studied MIs as
quantified by measuring paraspinal muscle CSAs. No studies have considered non-paraspinal
core MI nor have any studies considered the MLALSs for any core muscles including the
paraspinal muscles, nor have any studies considered the A/P imbalances. In addition, most
studies have focused on single muscles or related muscle groups. None have considered all the
core muscles together.

2.3 Potential Mechanisms of Physiological Changes in Trunk Musculature

Core strength has been shown to be an important element in preventing or reducing LBP.
Individuals that present with LBP typically have low core control and stability. Hodges
suggested that when spinal pain presents, the central nervous system (CNS) alters its responses
for spinal support, postural control, and balance (Hodges, 1999, 2000, 2001). Hodges also
suggested that in subjects with LBP, the response of the transverse abdominus, diaphragm, pelvic
floor, and multifidus were delayed or diminished during movement.

Pilates type exercise is generally thought of as an effective core strengthening exercise.
However, these exercises include high-load movements with lumbar flexion and abdominal
activation, which are difficult to execute and can risk lumbo-pelvic pain syndromes developing
(Key, 2013). Lewit (2008) suggested that postural patterns depend upon balanced activity levels

and good coordination in the core. Pilates and similar exercises may strengthen the core,
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however, those lacking the baseline physical condition to perform such exercises may be at risk
given the relatively high spinal loads associated with these exercises.

While the spine is the “support column” of the trunk, it requires the assistance of other
mechanisms, primarily the muscles, to support and stabilize it during loading stresses (Key,
2013). Intra-abdominal pressure (IAP) has been suggested to be important for the stabilization of
the back when exposed to biomechanical stresses. IAP cannot be generated without trunk muscle
co-activation.

IAP generation and trunk muscle co-activation increase proportionally to each other,
therefore, the higher the forces generated, the stiffer the spine (Cholewicki et al, 1997). Studies
have shown that low IAP contributes to poor postural control and support mechanisms
(Cresswell, Hodges, Gandevia 2000). These studies suggest that activity levels in the core need
to be well-balanced to avoid injury (Key, 2013). Injuries are more likely to occur when any
element, such as a muscle, is overactive or underactive, interfering with the balanced pattern of
coordination (Key, 2013).

IAP provides internal stability to support the psoas and trunk muscles (Kolar, 2010). If
the IAP is deficient or excessive, MI may be present (Key, 2013). The obliques and rectus
muscles respond to externally imposed torques to help maintain the spatial relationship between
the pelvis and the spine during posture-movement (Bergmark. 1989). The abdominal muscles
have varying activation patterns depending on the activity performed (Vera-Garcia et al, 2011).

Kendall found that the differences in the activity levels of the upper and lower
abdominals typically resulted in stronger upper abdominal muscles and weaker lower abdominal
muscles (Kendall et al, 1993). Healthy spinal control can be inhibited by “excessively activated”

abdominal muscles, resulting in too much spinal rigidity and stiffness (Key, 2013).
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Ideal IAP and postural control result from balanced activity between all abdominal
muscles. The transversus needs to have the capacity to match the activity of the rectus and
obliques. Attempting to activate single muscles can create dysfunctional spines (McGill, 2004).
Good core control comes from muscles working synergistically, co-activating and coordinating
to produce desired movements (Key, 2013). MI occurs in the core when there is dyscoordination
and imbalance between muscles (Hodges, 2001). This MI causes more trunk stiffness, less
spinal movement, and more LBP (Key, 2013).

2.4 Asymmetrical Lifting

When a person cannot share the load of an object equally between their hands, due to
awkward posture and/or load position, an asymmetric lift occurs. MMH tasks may be
asymmetric. Asymmetric lifts have been determined to be more stressful than symmetric lifts
(Ayoub, 1989). Low back and trunk muscle activity and both shear and compressive forces
increase during an asymmetrical task (Anderson et al., 1985). It is important to attempt to
maintain a neutral spine posture during such tasks. A neutral posture decreases the shear forces
that act upon the spine.

There have been multiple studies published on asymmetric, or asymmetrical, lifting. Most
published research studies on asymmetric lifting place an emphasis on the twisting of the low
back (Parikh et al., 1997; Wu, 2000; Dolan et al., 2001; Bobick et al., 2001; Cheng and Lee,
2003). Pentikis (2017) found that lateral asymmetric lifts (held laterally in one hand)
significantly increased back compressive force (BCF) as compared to symmetrical lateral lifts
which had an average of a 70% decrease in BCF for a given total load as compared to
asymmetric one-handed lifting. It was also determined that symmetrical lateral lifting of twice as

much weight had 24% less BCF as compared to asymmetrical lateral lifting (Pentikis, 2017).
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When forces act upon the body, it biomechanically reacts in order to withstand the
stresses that have been applied. Lateral shear forces increased during one-hand lifts, A/P shear
forces decreased, and BCF remained the same, according to Marras and Davis (1998). To
prevent increasing the spinal load, loads should ideally be lifted symmetrically (equally between
the left and right sides) with two hands and carried that way.

Many research studies found asymmetrical lifting to be a risk factor for injury and pain.
Asymmetrical tasks are commonplace, but the risks can reduced by eliminating or minimizing
such tasks. To mitigate the risk for developing an injury from an asymmetric lift, the load should
be balanced and carried evenly, and twisting should be avoided, particularly twisting during the
lift itself. Females typically have lower spinal strength than males, spinal strength decreases
with age, and moments produced by trunk muscles can be estimated using spinal strength age
regression relationships (Gallagher and Marras, 2012).

2.5 Asymmetry and Back Compressive Force

There can be differences between the right and left sides of the body, creating a bilateral
asymmetry (Krishan, 2011). These bilateral differences can result in force asymmetries during
lifting, even if the lift itself appears to be symmetrical. Valen (1962) described directional
asymmetry as when the dimensions of one side of the body are greater than the opposite side
consistently, and fluctuation asymmetry as a random difference between the quantitative
measurements of bilateral body parts (Valen, 1962). The body’s ability to adapt and compensate
for stressors is one reason that imbalances can develop (Livshits et al, 1994; Otremski et al,
1993).

Unilateral activity for extended durations and at rigorous levels has been shown to be

associated with muscular asymmetry (Kannus et al, 1996; Kannus et al, 1995). For example,
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prolonged twisting of the spine as with driving a forklift in reverse can result in the body
compensating for this twisting by overdeveloping one side with respect to the other. These
changes can be both muscular tightness or laxity as well as hypertrophy or atrophy. Relative
hypertrophy/atrophy can be detected via MRI or other medical imaging equipment. Tightness,
however, cannot be detected by imaging technologies.

Muscular asymmetry is commonly presented in athletes that participate in unilateral
sports, such as racket sports. There have been several studies that suggest that asymmetrical
sports are associated with higher risk of injuries and MI (Hides et al 2008; Elliot et al, 1993;
McLean et al, 1993). As a result of this, symmetrical activities or core strengthening exercises
have been suggested as a possible intervention to avoid the development of or correction of
asymmetry (McLean et al, 1993).

MI can cause hypertrophy due to over-recruitment of one group of muscles and might be
the cause of a decrease in CSA or recruitment of the corresponding opposing muscles. Ml is also
possible when considering groups of muscles, (such as all torso flexion muscles combined, rather
than considering them individually). (Hides et al, 2012).

MI is undesirable since torque-producing muscles of the trunk generate large forces on
the spine (Cholewicki et al, 1997). Cholewicki et al (1997), using a biomechanical in vivo
model, suggested that these forces might induce instability of the lumbar spine if deeper muscles,
such as the multifidus and transverse abdominus (TrA), were not activated. Atrophy of the
multifidus muscles can occur in people with LBP (Hides et al, 2001) and those who experience

prolonged bed rest (Belavy et al, 2011; Hides et al, 2007).
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2.6 Paraspinal Muscles

The paraspinal muscles run parallel on both sides of the spine and are attached directly to
the vertebrae to provide mobility, stability, and trunk movement (Wilke, et al, 1995; Solomonow
et al, 1998). The paraspinal muscles refer to the erector spinae group, which includes the
illocostalis and longissimus muscle, multifidus, psoas, and the quadratus lumborum.
The lumbar erector spinae are present on the lumbar spine to assist in posture and lateral flexion
(side bending) (Moore et al, 2006). According to McGill, the line of action from the erector
spinae is almost perpendicular to the spinal compression axis, creating posterior shear forces
with an extensor moment on the superior vertebrae (McGill, 2002). Figure 2.1 illustrates the

erector spinae muscles.

Figure 2.1: MRI Axial View of the Erector Spinae Muscles
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The multifidus, another extensor of the lumbar spine, is involved with control of the
vertebral segments and stiffening of the intervertebral discs (Wilke et al, 1996). The multifidus is
directly attached to the lumbar vertebrae, so the forces generated by the multifidus put pressure
directly on the spine (McGill, 2002). The multifidus also can compensate for spinal stresses by
generating twisting and side-bending torque (McGill, 2002). The multifidus line of action is
usually parallel to the longitudinal compressive axis.

The psoas muscles, commonly referred to as the hip flexors, cross the spine and the hip
and attach on every lumbar vertebra and act as a stabilizer to the spine (Penning, 2000).
Andersson and Nachemson demonstrated that there is minimal psoas activity in a relaxed upright
position (Andersson et al, 1977; Nachemson, 1966). McGill used intramuscular electrodes to
show psoas activation only during hip flexion, leading to the belief that the psoas is a spine
stabilizer, providing shear stiffness when needed to compensate for hip torque present (McGill,

2002). Figure 2.2 illustrates the psoas muscles.
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Figure 2.2: MRI Axial View of the Psoas Muscles

The quadratus lumborum (QL) is present on each of the lumbar vertebrae (Bergmark,
1989). the QL provides for extension. It has been shown that the QL is more active than
extensors during lateral bending (McGill, 1996). It was also found that QL activity increased as
axial spinal compression was increased (McGill, 1996). Due to these studies, the QL has been
found to be a powerful lumbar lateral flexor (side flexor) that provides frontal plane segmental

stabilization as the spine moves (McGill, 1996). Figure 2.3 illustrates the quadratus lumborum

muscles.
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Figure 2.3: MRI Axial View of the QL Muscles
2.7 Core Muscles

The trunk muscles in the abdomen area are often referred to as the core muscles. The
external oblique is the largest lateral group of muscles present on both sides of the body.

The external oblique is essential in rotating and flexing the trunk. The direction of
rotation is inversely related to the pull of the muscle. The obliques function to counteract the
moment occurring on each side of the body. The internal oblique muscle lies inferior to and runs
diagonally to the external oblique, forming an “X”. The internal oblique is also essential for

trunk rotation, but its direction of rotation is directly related to the pull of the muscle.
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Figure 2.4: MRI Axial View of the Oblique Muscles

Rankin (2005) investigated the importance of abdominal muscles for LBP prevention,
since these muscles play a significant role in lumbar spine stabilization. Gathering these muscle
sizes can be used as an indirect measurement for their force-generating capacity which has been
demonstrated in several studies (Rankin, 2005; Maughan et al., 1983; Kanehisa et al., 1994;
Rankin et al., 2006; Ishida et al., 2014).

Nemeth and Ohlsen (1986) used CT scans to obtain muscle moment arms in vivo for
biomechanical model use with the geometric center of the rectus abdominis muscle to estimate
the muscle force vector (lever arm). Smaller moment arm values were found by Reid and
Costigan (1987) for rectus abdominis muscles. In 2006, Rankin (2005) suggested that the

assessment of each abdominal muscle size relative to the others is important when evaluating
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imbalance within the abdominal muscle group. Figure 2.5 illustrates the rectus abdominus

muscles.
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Figure 2.5: MRI Axial View of the Rectus Abdominus Muscles
2.8 Diastasis Recti
Abdominal muscles are spinal stabilizers, and proper coordination of them is important to
prevent LBP. Poor coordination of the abdominal muscles is seen in the diastasis (separation of
the muscles) and has been associated with LBP. Diastasis of the rectus abdominus is known as
DRA. While the separation can be a small vertical gap between the left and right erectus

abdominus muscles (Alamer et al, 2019), this muscle separation impedes full muscular function
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which can contribute to LBP (Candido et al, 2005). DRA may contribute to muscle lever arm
changes, causing an imbalance. DRA can be associated with LBP creating non-optimal load
transfer due to compromised posture, trunk instability and movement (Lee et al, 2008). In a study
by Parker, findings suggested that women with DRA reported an increase in abdominal and
pelvic pain, which lead to LBP (Parker et al, 2009).

Mechanical stresses loaded on the abdominal wall are believed to cause the rectus muscle
to separate (Alamer et al, 2019). When the support system for the back is compromised due to
abdominal muscle separation such as DRA, some support can then be transferred to relatively
weak connective tissue rather than the muscles, contributing to LBP (Thornton, 1993; Benjamin
et al, 2014). Cumulative mechanical stress on the abdominal wall connective tissue can
contribute to changes in the musculoskeletal morphology of the trunk, resulting in an increase in
the distance between the muscle insertions and generating muscle stretching (Rett et al, 2009).

DRA was found to be 2.5 times more common in individuals with LBP in a study by
Doubkova (2018). This study also found a strong correlation between body mass index (BMI)
and DRA. Increased torso diameter resulting from obesity and/or pregnancy can further stretch
the abdominal muscles. The relationship between DRA and LBP may be explained due to the
compensatory overuse of back musculature due to lost abdominal wall stability (Cheesborough et
al, 2015). DRA has been studied mostly in pregnant women and post-cesarean section women.
DRA has also been found in men, particularly in men with higher BMIs. The presence of DRA
in men supports the hypothesis of stress-induced DRA, as men are more likely to participate in
strenuous activity, increasing the chance of paraspinal muscle overload (Doubkova, 2018).

Abdominal wall muscle coordination is important for providing support for posture and

spinal stabilization (Lee et al, 2008; Bitnar et al, 2015). The abdominal wall muscles work in
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sync with the diaphragm and pelvic floor muscles to regulate IAP which has been suggested to
further increase lumbar spine stiffness (Hodges et al, 2005). Trunk stabilization is essential to
balanced upright posture and relies on the rectus abdominus muscles and other coordinating
trunk muscles to regulate IAP (Tayashiki et al, 2016).

This relationship supports the hypothesis that DRA may influence IAP and spinal
stabilization, subsequently contributing to LBP (Doubkova, 2018). A relationship between IAP
and LBP has been found (Stokes et al, 2011; Hagins et al, 2011). Abdominal strength is needed
to mechanically control the abdomen and provide for spinal stability involving the co-activation
of trunk flexors and extensor muscles which is believed to help prevent abdominal separation
(Keeler et al, 2012).

Research supports the notion that physical exercise can be used as an intervention for
DRA (Benjamin et al (2014), Mesquita et al (1999), Mommers et al (2017), and Lee et al
(2016)). DRA has been surgically corrected in some patients with LBP, resulting in some LBP
alleviation, most likely due to the postural change from the tightening of the thoracolumbar
fascia (Doubkova, 2018). DRA has been measured and evaluated by a variety of methods, some
manual and some relying on medical imaging such as MRI (Van de Water et al, 2016). Elkhatib
et al (2011) compared DRA measurements from MRI scans of subjects pre- and post-operative
abdominal surgery. Surgery was effective in reducing DRA.

2.9 Quantitative Measurement of Muscles with Magnetic Resonance Imaging Modeling

MRI uses combinations of tissue images which are created via a magnetic field gradient;
these gradients are combined to produce maps of tissues within the body. Nuclear magnetic
resonance (NMR) was discovered in 1937 (Rabi, 1937). The first MRI image was created from

the gradients in magnetic fields about 2 decades later by Carr, (1950). The MRI scanner was
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created and continually improved upon between 1960 and 1974 (Isanov, 1960; Damadian, 1974).
Damadian (1971) suggested using MRI to visually diagnose tumors from normal human tissue
and performed the first MRI scan on a human in 1977, which took about 5 hours to complete.

MRI processes have been improved substantially over the years, making it one of the
most common diagnosis tools currently used in medical practice. MRI is also used for research
purposes to investigate the human body and, as in the case of this dissertation, aid in the
development of biomechanical models by providing more accurate estimates of biomechanically
relevant structure sizes and relative positions.

CT uses ionizing radiation to produce images of the CSAs of human tissue in vitro. CT
was a popular tool used to develop back models before MRI became the preferred method. MRI
uses magnetic fields and radio waves, which are not dangerous to humans at the magnitudes
used, versus the 1onizing radiation of the CT. In 1989, Tracey et al, used MRI scans of the
lumbar spine to create a regression analysis with position and CSA measurements (Tracey et al,
1989). MRI has been used in many studies since then to analyze human tissues with the express
purpose of improving biomechanical models.

Physical factors, such as lifting, carrying and awkward postures are among the main
factors contributing to LBP (Plowman, 1992). Physical factors are not the only factors that can
contribute to LBP. Individual age, gender, height, and weight all vary significantly among
individuals and significantly influence the incidence and severity of LBP. These influences are
both direct and indirect. For example, medical conditions such as diabetes contribute directly to
MSDs while an individual’s anthropometric differences also impact the magnitude of the forces

experienced.
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MLAL differences from individual to individual, for instance, will result in different
exposures for a given MMH task. Many ergonomic models used to predict LBP do not consider
individual characteristics. The lack of individualization in ergonomic models presents problems,
specifically when assessing an individual’s risk for LBP. MRI derived measurements can be used
to personalize ergonomic and biomechanical models.

MRI is a useful tool for identifying potential pathological causes of LBP (e.g., bulging
discs, nerve impingements, etc.). However, it is also often used in a qualitative manner (e.g.,
Pffirrmann ratings of disc degeneration) (Salar, 2017). MRI has great promise for providing
more detailed quantitative data regarding precise sizes and locations of relevant low back
structures. Precise quantification of muscle CSAs and MLALs will provide better descriptions of
MIs to test the hypotheses that imbalances are associated with LBP, and that imbalances can be
reduced via intervention such as exercise programs.

2.10 Exercise as a Muscular Imbalance Intervention

Exercise is often prescribed as part of a rehabilitation program for chronic pain (Sullivan
et al, 2012). Strengthening the core muscles through exercise has been shown to reduce LBP
(Wang et al, 2012). Stabilization exercises have been linked to a strengthened and, therefore, a
more stabilized core (Wang et al, 2012). The literature suggests an underlying model
(imbalances lead to tension and then pain) that can be rigorously tested via MRI.

Tai Chi exercise focuses specifically on core stability. It has been shown to improve
strength, stability, and reduce pain (Wang et al, 2012, Weifen et al, 2013, Wu et al 2004, Wang
et al 2013). Previous research has demonstrated the positive benefits of performing Tai Chi
exercises (Wang et al 2012, Weifen et al, 2013, Wu et al 2004, Wang et al 2013). It is possible

that Ta1 Chi exercises could reduce MI associated with LBP. In several studies, an intervention
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group was selected from a group of controls to participate in Tai Chi intervention classes (Wang
et al 2012, Weifen et al, 2013, Wu et al 2004, Wang et al 2013) where they found Tai Chi to be
an effective alternative and low-cost treatment for chronic pain conditions, specifically LBP.
Therefore, it is logical that intervention-based experimental designs studying Tai Chi
prospectively could quantitatively compare MIs prior to and after practicing Tai Chi.

Chenghu Deng and Wei Xia (2017) studied the effects of Tai Chi on degeneration within
lumbar vertebrae and discs. This study followed two groups of subjects: 24 participants with no
Tai Chi training or experience and 27 who have practiced Tai Chi for more than four years. After
reviewing the MRI scans, Deng and Xia found that those who have been practicing Tai Chi had
significantly fewer degenerated lumbar vertebrae and discs than the control group. In both
groups, the L5 disc was the most affected for both vertebrae and discs. While this study
compared low back health and disc degeneration cross-sectionally, it did not prospectively

follow subjects using Tai Chi as an intervention.
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Chapter 3

A Novel Approach for Quantifying Muscular Imbalances and its Relationship to Low Back Pain

3.1 Introduction

Muscle asymmetry resulting in an MI in the paraspinal muscles has been identified as a
likely contributor to LBP development (Danneels et al, 200; Hides et al, 2008; Kader et al, 2000;
Mengiardi et al, 2006; Parkkola et al, 1993). Side specific CSA spinal morphometry has been
investigated in previous research through the lumbar spine levels (L2-S1) to determine if spinal
level or side specific muscular atrophy may be a contributor to LBP (Hides et al, 2008; Barker et
al, 2004; Campbell et al 1998; Hides et al, 1994; Hyuan et al, 2007; Ploumis et al, 2011; Hayashi
et al, 2002; Hides et al, 2002). Paraspinal muscle asymmetry has been found in individuals with
LBP, and thought to most likely be caused by disuse, denervation, or reflex inhibition (Hodges et
al, 20006).

The mechanism behind paraspinal MI may be a symptom or a consequence of LBP, or both a
symptom and a consequence of LBP. This may create a vicious cycle of trauma to muscles
causing injury due to poor muscle control, leaving the muscles unable to heal after exercise or
stress, resulting in accelerated degeneration and subsequent pain. The mechanism of MI needs to
be further explored to better assess the association of MI and LBP. Theoretically, balance is
created through equal moment generation capability in both the forward/back and side-to-side
hemispheres of the low back. Imbalances disrupt coordinated moment generations created by the
paraspinal muscles and unevenly load the spine, which may contribute to further MI and result in

LBP.
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Efforts to better understand the degree of MI present in people with and without LBP, have
increasingly relied on medical imaging, such as MRI. These medical imaging techniques have
been used to precisely measure muscles in the low back and have typically used muscle CSA
side-to-side differences of paraspinal muscles to quantify MI. An asymmetry of greater than 10%
was proposed as an abnormality, as studies have shown that paraspinal muscles are typically
symmetric (i.e., < 10% MI) in people that do not suffer from LBP (Hides et al, 2008; Hides at al,
1994; Stokes et al, 2005). However, in 2011, it was found that 40% of 126 men without LBP had
a multifidus MI over 10% (Hides et al, 2008).

There are other factors to consider when studying the mechanism of MI and MI related LBP.
In addition to paraspinal muscle CSA differences, core muscle CSA differences should also be
incorporated into MI models. Also, not only should CSA lateral differences be considered as MI
factors, but also A/P CSA differences, as paraspinal muscles work in coordination with the core
muscles to distribute loads as symmetrically as possible throughout the low back to relieve
pressure on the spine. MLALSs should also be introduced into the MI model to account for
muscle moment generating capacity.

There is no known, published research that has quantified MI using MRI-derived
measurements of CSAs and MLALSs of both the paraspinal and core muscles (psoas, erector
spinae, QL, rectus abdominus, and oblique muscles). Thus, the objective of this experiment was
to assess the relationship between MI and LBP using established MI evaluation techniques as
well as via a newly developed measure of MI (Mlyew). MIs were measured in terms of muscle
CSAs, MLALSs, and combinations of CSAs and MLALSs both laterally and anteriorly/posteriorly

for all core muscles individually and groups.
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3.2 Materials and Methods
3.2.1 Study Sample Characteristics
Lumbar spine MRI scans were obtained from 28 subjects. Characteristics of study
participants are found in Table 3.1 below. All subjects were female. Subjects were aged 51-81
(mean 62.79, standard deviation (SD) 8.37) (Table 3.1). Lumbar IVD segments from L2-S1
(L2/L3, L3/L4, L4/L5, L5/S1) and trunk/core musculature were gathered from the MRI scans
taken on a Siemens Verio open-bore 3T scanner.

Table 3.1: Characteristics of Subjects, Means and SD

Factor Mean SD
Age (Years) 62.79 8.37
Height (m) 1.66 0.14
Weight (kg) 69.91 17.04
BMI (kg/m?) 25.67 6.10
Typical Amount of Exercise 4.38 4.24
(Hour/Week)
LBP 1.96 242
(0-10)

Subjects had to meet the inclusion criteria of being female, age 50 or over, able to ambulate
unaided (without walkers, canes, or other assistive devices), possessed the unrestricted use of all
four limbs and were free of metal implants that could interfere with MRI collection. Recruitment
for study participants was carried out through word-of-mouth on campus at Auburn University
(AU), community group exercise classes, book clubs, doctors’ offices, and local hospital-run
facility recreational centers that also acted as rehabilitation clinics. Flyers were also posted to

advertise the study at these venues and were distributed among the members of these
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organizations to share with other potential eligible participants. Twenty-eight subjects met these
criteria and participated in the study. CSAs, MLALSs, and MI measurements were taken from the
axial MRI scans. A sagittal view was used to ensure that the measurements taken were at the
correct level from L2-S1.

Subject personal demographics/characteristics on age, height, weight, and BMI were
measured at the time of the MRI scan by study personnel. Age was confirmed by birthdate;
weight was measured by a scale in pounds (Ibs.) and converted to kilograms (kg); and height was
measured using an anthropometric measuring device in inches (in) which were then converted to
meters (m). BMI was calculated by dividing the weight in kg by the height in m?.

Subjects were administered an intake medical questionnaire (Appendix 1) that provided
information on potentially related physical activities, and pain in the following body regions: low
back, neck/head, shoulder and upper arm, upper back, distal upper extremities, hip and buttocks,
thigh, knee, and ankle/feet. The level of pain or discomfort in each region below was gathered
via a visual analog scale (VAS) from zero to ten each body region depicted on the figure on the
questionnaire (Figure 3.1).

Other health data collected for the subjects included: whether there was any history of
hysterectomy, oophorectomy, smoking, and osteoporosis; any history and the severity/effect on
daily life of heart attacks, blood clots, hypertension, high cholesterol, diabetes, obesity, and
sciatica; the number of any biological children; whether they are pre- or post-menopausal; and
how much exercise (hours/week) is typical. Exercisers were defined as those who reported
typically participating in at least one or more hour of physical activity per week on their intake
medical questionnaire. This questionnaire was administered to subjects to provide information on

other factors that might influence or contribute to MI and LBP.
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Figure 3.1: Medical Questionnaire Body Diagram for Self-Reported VAS Pain Ratings
3.2.2 Measuring Methods
3.2.2.1 Magnetic Resonance Imaging Methodology

Scans of the lumbar spine from L2-S1 were collected with a standardized T2 weighted
protocol. A localizer scan was first performed in the MRI procedure sequence (Figure 3.2). The
localizer scan is a preview scan that helps operators determine if the correct body segments are
being scanned and if the subject appears to be positioned as straight as possible (e.g., minimal
lateral flexion or twisting to one side or the other). Subjects were scanned in the supine position

(lying on their back), seen in Figure 3.3.
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Figure 3.2: Localizer MRI Scan

Figure 3.3: MRI Setup with Subject
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After performing any necessary adjustments to the localizer scan and/or the subject position,
the MRI scans were carried out as per protocol: L2-S1 for both sagittal continuous, axial
continuous, and multi-group T2-weighted images. MRI scans on the lumbar spine were
performed at the AUMRIRC using the 3T Siemens Verio open-bore MRI scanner with the
supplemental abdomen coil to improve the quality of scan in the abdominal region.

The protocol used was sagittal continuous T2-weighted, axial continuous T2-weighted, axial
multi-group T2-weighted at parameters of T2-weighted spin-echo (TR 3440 ms; TE 41ms) at
3mm thickness slice, 385 FOV read, and 100% FOV phase (Tang et al, 2016; Gungor et al,
2016; Pentikis, 2017; Salar, 2017). Complete morphological analyses of the IVD and core
musculature were completed with this T2 weighted protocol that has been shown effective at
visualizing the needed aspects of the MRI scans collected in several previous studies (Tang et al,
2016; Gungor et al, 2016; Pentikis, 2017; Salar, 2017).

Subject MRI and survey data were anonymized using a subject code to protect personal
information (Appendix 2). The AU Institutional Review Board (IRB) approval email is found in
Appendix 3, and the promotional IRB approved flyer distributed to promote recruitment is found
in Appendix 4. IRB and the state of Alabama approval was obtained to gather MRI scans. No
data collection occurred prior to IRB approval. Signed, IRB approved informed consent forms
were collected from each subject (Appendix 5), as well as the MRI Pre-Entry Screening Form
(Appendix 6).

3.2.2.2 Muscle Cross-Sectional Areas and Mechanical Lever Arm Lengths

Muscle CSAs and MLALs measurements from paraspinal and core muscles from L2-S1 were

gathered from the MRI images using OsiriX software (v10.0.6, Pixmeo SARL, 266 Rue de

Bernex, CH133 Bernex, 2021, Switzerland). To calculate CSAs using OsirX, the perimeter of the
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disc and muscles were traced with a reference length (a line of known length), and for each
shape, points were placed around the perimeter with lines drawn at opposite points, creating an
intersection of the lines creating the shapes centroid. Measurements were made of CSAs of
paraspinal and core muscles following the measurement protocols established by Tang and
Gungor (2013), and each corresponding MLAL (generated by the horizontal location of the disc
and muscle centroid) for the core muscles was assessed following the measurement protocols
established by Pentikis (2017).

The previously used measurement protocols have all demonstrated excellent intra-and-inter-
rater reliabilities as evaluated using inter-class coefficients (ICCs) (Tang et al, 2016; Gungor et
al, 2016; Pentikis, 2017; Salar, 2017). Therefore, current study scans are expected to be similarly

reliable. In Figure 3.4, muscle group CSAs calculated with OsiriX are shown on a traced MRI.

Image size: 256 x 256 H3T170126-FCCOFS5 ( 23y, 19y)
WL: 841 WW: 1816 Ron Human_Back|
T2 FAST AX_multi_group

Area: 21.238 cm?

H - an; 215. g 2 : ) Fea
::.enizno_(z)?)s(') 6:493)(;“:(5265‘;'_10505 00077 SDev: 202271 Sun: ZZE 2 Mean 3037074 Median: 227.000 SDev: 215.254 Sum: 276,981
Length: 19.78 cm Min: 54.000 Max:1405.000

Lengti

TE: 41 TR: 3440
Zoom: 961% Angles L-R: 0°, S-I: -85° FS: 3
Im: 3/16 Series: 5 1/26/17, 5:43:43 PM
LittleEndianExplicit 3 sec / 14 min, 21 sec
Thickness: 3.00 mm Location: 110.91 mm Made In OsiriX

Figure 3.4: Traced MRI with Muscle CSAs Calculated in OsiriX
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3.2.2.3 Muscular Imbalance

The measurements for each trunk muscle gathered were used in a summation across two
planes: sagittal and frontal. This facilitated comparison of the hemisphere pairs of left/right
(lateral) and A/P (fore/aft). To calculate the lateral MLALSs, a 90° MLAL from a sagittal plane
bisecting the spinal disc was used. To calculate the A/P MLALSs, a 90° MLAL from a frontal
plane bisecting the spinal disc was used.

Previous studies have suggested that both the lateral and A/P moment arms should be used as
predictors in biomechanical models of the spine. The moment arms suggested are illustrated in
Figures 3.5 and 3.6 and were used by Jorgenson et al, (2000) and Pentikis (2017). MI can be
measured in absolute terms or in terms of percentage difference. Others have measured
imbalances based solely on the CSA difference (MIcsa). To date, the MLALSs has not been
factored into assessments of MI.

In addition to MI based solely on CSA (Mlcsa), this dissertation also introduces and explores
a novel measure of MI (MInew) as a function of the product of CSAs with corresponding
MLALs. In Figure 3.6 lateral MLALSs are shown on an MRI scan which are calculated from the
centroid of the spinal disc to the centroid of the muscle for each muscle. In Figure 3.7 A/P
MLALSs are shown on an MRI scan which are calculated from the centroid of the spinal disc to

the centroid of the muscle for each muscle.
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Figure 3.5: Proposed Axial MRI with Lateral MLALSs (Jorgenson et al, 2000).

Figure 3.6: Proposed Axial MRI with A/P MLALs (Jorgenson et al, 2000)
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Figure 3.7: Lateral 90° L/R MLALs

Figure 3.8: A/P MLALs
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MI was evaluated muscle-by-muscle in individual pairs, by functional muscle groups,
and by hemisphere (lateral and A/P) for Mlcsa and MlInew. The older MI model, Mlcsa, only
takes the absolute differences between the two muscles, muscle groups, or hemisphere, as shown
in equation 3.1 below. To calculate the percentage of imbalance for MlInew, the smaller side was
subtracted from the larger side and subsequently divided by the larger side as shown in equation
3.2 below. This assessment of MlInew in terms of percentage was proposed by Fortin (Fortin,
2014). This process was repeated for all individual muscles, functional muscle groups, and for

each hemisphere.

L MI -S ller M1
M, = -9 Zcsa” “MATET 7654 » 100 Egq, 3.1

Larger MIcsa

Larger MIcsa«mLAL— Smaller MIcsa«MLAL
Mly, = csa- CSAMLAL o 100 Eq, 3.2
Larger Mlcsa«MLAL

3.3 Statistical Analysis

Measurements of CSAs and MLALSs were used to calculate the imbalance assessments,
Mlcsa and MInew. CSA units are in cm?, MLAL units are in cm, and MInew units are in cm? as it
is the product of the CSA (cm?) and MLAL (cm). However, since the average absolute
percentage difference is used, MI becomes unitless after calculation.

MI models were checked for assumptions of linear regression. Model diagnostics were
run for the verification of assumptions of normality, linearity, homoscedasticity, and absence of
multicollinearity. Both the Mlcsa and MInew models were used to create a regression of MI
against LBP and exercise. Correlations were found for LBP, typical weekly exercise duration,
BMI, weight, and age and MI at each spinal level. T-tests were performed between groups of

exercisers (exercisers were defined as those who reported typically participating in at least one or
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more hour of physical activity per week on their intake medical questionnaire) and non-
exercisers and groups of those with LBP and those without LBP for LBP, exercise, and MI.
Linear regressions were run for each MI measurement at each muscle, muscle group, and
hemisphere at each lumbar spine level to see which muscle, muscle groups, hemispheres, or
spinal level had the greatest association with LBP.
3.4 Results
Average absolute percentage differences of Mlcsa and MInew are shown in Tables 3.2 and

3.3 for each muscle, muscle group, and hemisphere at each lumbar spine level in the lateral
hemisphere.

Table 3.2: Mlcsa - Average Absolute Percentage Differences of Paraspinal and Core Muscles,

Muscle Groups, and Hemispheres Across All Lumbar Spinal Levels, Means and SD for All

Subjects
Mlcsa L2/L3 L3/L4 L4/L5 L5/S1

Mean SD Mean SD Mean SD Mean SD

Erector Spinae 7.23 5.04 8.50 7.31 6.86 5.76 11.20 6.81
Psoas 15.60 | 13.41 10.37 5.75 9.75 7.02 15.00 | 12.13
Oblique 13.10 8.91 7.65 11.48 | 13.29 | 1491 | 21.87 | 12.68
Rectus Abdominus 2032 | 1340 | 1899 | 12.53 | 1555 | 13.15 | 1520 | 13.53
Quadratus Lumborum 26.19 | 18.27 | 1893 | 12.82 | 2545 | 23.30 -t ---%
Paraspinal Group 7.11 4.82 6.82 5.39 6.93 5.22 9.72 6.38
Core Group 11.18 8.05 8.78 9.09 11.65 | 13.17 | 14.15 | 10.10
Lateral Hemisphere 7.64 5.43 6.01 5.67 7.49 5.83 9.68 5.86

+ QL does not extend to this level in most subjects and therefore was not used
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Table 3.3: MlInew - Average Absolute Percentage Differences for Paraspinal and Core Muscles,

Muscle Groups, and Hemispheres, Across All Lumbar Spinal Levels, Means and SD for All

Subjects
MiNew L2/L3 L3/L4 L4/L5 L5/S1
Mean SD Mean SD Mean SD Mean SD
Erector Spinae 16.46 9.29 17.97 14.14 | 14.02 9.97 18.39 9.17
Psoas 23.81 14.03 1594 | 11.27 12.43 10.87 16.37 12.93
Oblique 14.93 11.94 | 11.65 11.79 13.75 13.38 | 23.86 13.38
Rectus Abdominus 30.46 17.36 | 33.02 1493 | 23.02 13.57 | 28.83 | 20.56
Quadratus Lumborum 28.23 19.26 19.93 12.68 | 26.61 | 25.55 -t -t
Paraspinal Group 14.81 10.18 14.40 | 12.36 12.03 8.43 13.95 10.08
Core Group 14.51 11.18 12.82 11.72 14.12 12.17 18.73 14.58
Lateral Hemisphere 13.40 | 10.63 13.18 10.30 | 11.56 9.56 13.11 9.74
+ QL does not extend to this level in most subjects and therefore was not used
Personal characteristics were correlated to investigate any potentially signficant
relationships. Statistically significant correlations are bolded and denoted with an asterisk in
Table 3.4.
Table 3.4: Correlation Matrix of Subject Personal Characteristics,
Correlation (Significance)
LBP Exercise Age Height Weight BMI
(0-10) | (Hour/Week) (Years) (m) (kg) (kg/m?)
LBP 1
(0-10)
Exercise -0.08 1 0.17
(Hour/Week) (0.34) (0.28)
Age (Years) -0.01 0.12 1
(0.31) (0.28)
Height (m) -0.06 0.15 -0.17 1
(0.39) (0.23) (0.19)
Weight (kg) -0.26 -0.21 -0.03 0.40" 1
(0.09) (0.14) (0.43) (0.02)
BMI (kg/m?) -0.20 -0.33" 0.14 -0.42° 0.67" 1
(0.16) (0.05) (0.24) (0.01) (0.00)
* Correlation is significant at the 0.05 level
** Correlation is significant at the 0.01 level
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There were twenty-two exercisers and six non-exercisers in the subject population with
sixteen subjects reporting LBP, and twelve that did not report LBP. Of the exercisers, fourteen
reported LBP and eight did not. Of the non-exercisers, two reported LBP, and four did not. The
average LBP rating of those who exercised was 2.1 versus a LBP rating of 1.4 for those who did
not exercise. However, this LBP difference was not statistically significant (p = 0.55). Of the
exercisers, those who had reported LBP exercised an average of 4.2 hours per week, while those
without LBP exercised slightly more with 4.7 hours of exercise per week. Exercise was not
found to be significant with respect to LBP development when evaluated via linear regression (p
=0.67).

T-tests indicated only one statistically significant difference between exercisers and non-
exercisers. At the L4/L5 level using the Mlcsa, the exercisers had significantly more MI than
their non-exercisering peers (8% vs. 2%, p=0.01). There were no other apparent differences in
MI between exercisers and non-exercisers (Appendix 8).

Using the Mlcsa measure, T-tests showed only one statistifally significant difference in
Mlcsa for those with LBP vs. those with no LBP. This occurred at the L4/L5 level with MI more
than double for those with LBP vs. those without LBP (9% vs. 4%, p=0.02) (Appendix 8).Table

3.5 shows the significant relationships found related to MI for those with and without LBP.

57



Table 3.5: Significant Relationships Found Related to MI for LBP Symptomatic/Asymptomatic

Subjects

Symptomatic (LBP Present) Have Higher MInew

Spinal Level MInew Measurement P-Value (MInew Mean Symptomatic, MInew Mean
Asymptomatic)
L4/L5 Erector Spinae 0.05 (17%, 10%)
L4/L5 Paraspinal Muscle Group 0.08** (14%, 9%)

Asymptomatic (LBP Not Present) Have Higher MlInew

L2/L3 Erector Spinae 0.05 (13%, 20%)
L5/S1 Paraspinal Muscle Group 0.00 (9%, 21%)
L5/S1 Lateral Hemisphere 0.03 (10%, 18%)
L3/L4 Quadratus Lumborum 0.09%* (25%, 29%)
L5/S1 Psoas 0.09 (13%, 21%)

*Significant at the 0.05 level
** Trending towards significance at the 0.05 level

Linear regression was used to explore the relationship of MI to LBP. Several signifiant

associations between and MI and LBP were found. No Mlcsa regressions were statistically

significant. However, several of the MInew regressions indicated statistically signifcant, positive

relationships to LBP. The L2/L3 level was found to be most associated with LBP based on CSA

alone (Mlcsa). MInew established that the L2/L3 (p=0.36) and L3/L4 (p=0.27) levels were most

associated with LBP development. The erector spinae (p=0.03), paraspinal muscle group

(p=0.01), and lateral hemisphere (p=0.05) were all found statistically significant for predicting

LBP. These relationships are plotted in Figures 3.9 — 3.11 and Tables 3.6 and 3.7 display the

regression coefficients and their significances.
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Table 3.6: LBP and MlIcsa Linear Regression, Coefficient (Significance)

Mlcsa L2/L3 L3/L4 L4/L5 L5/S1
Erector Spinae -0.150 0.016 0.096 -0.067
(0.15) (0.89) (0.406) (0.64)
Psoas 0.025 -0.096 0.079 -0.062
(0.52) (0.28) (0.41) (0.24)
Oblique 0.182 -0.090 0.112 0.016
(0.09) (0.62) (0.38) (0.80)
Rectus Abdominus -0.030 -0.76 0.065 0.058
(0.47) (0.24) (0.19) (0.54)
Quadratus Lumborum 0.027 0.000 -0.018

(0.36) (0.99) (0.60) -t
Paraspinal Group 0.014 0.200 0.158 0.302
(0.92) (0.21) (0.34) (0.29)
Core Group -0.154 0.209 -0.095 0.006
(0.34) (0.41) (0.55) (0.95)
Lateral Hemisphere -0.003 -0.223 -0.122 -0.395
(0.99) (0.19) (0.66) (0.24)

+ QL does not extend to this level in most subjects and therefore was not used
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Table 3.7: LBP and MlInew Linear Regression, Coefficient (Significance)

MINew L2/L3 L3/L4 L4/L5 L5/S1
Erector Spinae -0.130 0.219 0.027 0.047
(0.17) (0.03%) (0.67) (0.53)
Psoas 0.047 0.014 0.099 -0.017
(0.22) (0.82) (0.04%) (0.70)
Oblique 0.238 -0.243 -0.116 0.027
(0.26) (0.26) (0.66) (0.69)
Rectus Abdominus 0.005 -0.003 -0.038 0.024
(0.86) (0.93) (0.44) (0.40)
Quadratus Lumborum 0.017 0.021 -0.069

(0.53) (0.61) (0.05%) -t
Paraspinal Group 0.007 -0.533 0.140 -0.115
(0.94) (0.01%) (0.15) (0.25)
Core Group -0.226 -0.426 0.244 -0.008
(0.42) (0.25) (0.43) (0.89)
Lateral Hemisphere 0.053 0.909 -0.092 -0.044
(0.82) (0.05%) (0.56) (0.70)

+ QL does not extend to this level in most subjects and therefore was not used
* Correlation is significant at the 0.05 level

Raw MRI data obtained from a previous MRI study of weightlifters was used to compute
the erector spinae Mlcsa at L3/L4 for a comparison to this MRI study. The previous research did
not investigate MI, but a subsect was extracted and evaluated in the same manner to establish MI
for a younger population including vigorous resistance training subjects. Women were less likely
to be weightlifters, but no statistically significant difference was found between weightlifters and
non-weightlifting female controls with respect to erector spinae muscle size (CSA). Both
weightlifters and controls had asymmetry present. There was no significant difference between
Mlcsa for these subjects. Lifters and non-lifters had virtually identical levels of imbalance.

The inclusion criteria for the weightlifting study were no LBP at present time, no LBP
history, no previous back surgery, and included both genders. Subjects were recruited from AU
with ages ranging from (19-29) (Table 3.8). There was a statistically significant difference in

muscle size between male and female subjects.
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Table 3.8: Weightlifting Study Subject Personal Characteristics

Mean SD Mean SD
(All Subjects) (All Subjects) (Women Only) (Women Only)
Age (Years) 24 3.34 23 3.63
Height (m) 1.73 8.53 1.68 6.41
Weight (kg) 73.17 13.32 64.71 10.16
BMI (kg/m?) 24.47 3.36 23.08 3.98

The average L3/L4 erector spinae CSA of female subjects was 19.6 cm? (SD=1.32), and
male erector spinae CSA was 31.0 cm? (SD= 2.97) in the previous study, and the current study
(female subjects average age = 63 years) erector spinac CSA average was 21.0 cm? (SD 3.55).
Average percent asymmetry in the young population of both controls and weightlifters was just
2.12% (SD=2.25), and after intervention the average was 1.98% (SD = 2.25).

Women in the weightlifting study were much younger at 23 years of age, weighed less
and had a lower BMI than the older population of women. The women over 50 had an average
Micsa of 8.50%, as opposed to the younger population of women who had similar muscle size,
but approximately one-fourth as much MI at 2.12%.

An A/P Ml ratio was developed by dividing the anterior hemisphere MI by the posterior
hemisphere. A/P MI has not been previously studied, therefore there is no known “ideal” ratio
established. The A/P ratios for Mlcsa and Mlnew are presented in Tables 3.9 and 3.10,
respectively. A/P Mlnew was significantly correlated with weight and BMI at all lumbar spinal
levels. Increasing A/P ratios were associated with increasing weight and BMI. At the L2/L3
level, A/P Mlcsa was negatively correlated with correlated with exercise. A/P MInew was
negatively correlated with exercise at both the L3/L4 and L4/L5 levels, and height. Increasing
A/P ratios were associated with shorter stature and fewer hours/week of exercise. Significant

correlations are presented in Tables 3.11 and 3.12.
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Table 3.9: A/P Mlcsa Hemisphere Ratio

Spinal Level Minimum | Maximum Mean SD
L2/L3 0.77 1.39 1.06 0.14
L3/L4 0.67 1.26 0.85 0.13
L4/L5 0.53 1.33 0.77 0.19
L5/S1 0.68 1.66 0.95 0.22

Table 3.10: A/P MInew Hemisphere Ratio
Spinal Level Minimum Maximum Mean SD
L2/L3 0.21 1.61 0.73 0.38
L3/L4 0.17 1.50 0.49 0.34
L4/L5 0.09 1.69 0.64 0.39
L5/S1 0.48 1.87 0.90 0.33

Table 3.11: Correlation Matrix of Subject Personal Characteristics and A/P Mlcsa, Correlation

(Significance)
LBP (0 to 10) | Height | Weight (kg) | BMI (kg/m?) | Exercise (Hour/Week)
(m)
Height (m) -0.06 1.00 0.39* -0.42% 0.15
(0.39) (0.02) (0.01) (0.23)
Weight (kg) -0.26 0.39* 1.00 0.67** -0.21
(0.09) (0.02) (0.00) (0.14)
BMI (kg/m?) -0.20 -0.42% 0.67** 1.00 -0.33*
(0.16) (0.01) (0.00) (0.05)
Exercise -0.08 0.15 -0.21 -0.33* 1.00
(Hour/Week) (0.34) (0.23) (0.14) (0.05)
A/P Mlcsa L2/L3 -0.41* -0.05 0.423* 0.44* -0.45%*
(0.02) (0.41) (0.01) (0.01) (0.01)
A/P Mlcsa L3/L4 -0.11 0.06 0.27 0.20 -0.31
(0.28) (0.38) (0.09) (0.15) (0.06)
A/P Mlcsa L4/L5 -0.10 0.02 0.41* 0.39* -0.27
(0.31) (0.47) (0.02) (0.02) (0.09)
A/P Mlcsa L5/S1 0.17 -0.08 0.23 0.27 0.01
(0.19) (0.35) (0.12) (0.09) (0.48)

* Correlation is significant at the 0.05 level (1-tailed).
** Correlation is significant at the 0.01 level (1-tailed).
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Table 3.12: Correlation Matrix of Subject Personal Characteristics and A/P MInew, Correlation

(Significance)
Height (m) | Weight (kg) | BMI (kg/m?) | Exercise (Hour/Week)

Height (m) 1.00 0.39* -0.42% 0.15
(0.02) (0.01) (0.23)

Weight (kg) 0.04* 1.00 0.67** -0.21
(0.02) (0.00) (0.14)
BMI (kg/m?) -0.42* 0.67** 1.00 -0.33*
(0.01) (0.00) (0.05)

Exercise (Hour/Week) 0.15 -0.21 -0.33* 1.00

(0.23) (0.14) (0.05)

A/P Mlnew L2/L3 -0.48%* 0.34* 0.71%* -0.31
(0.01) (0.04) (0.00) (0.06)
A/P Mlnew L3/L4 -0.36* 0.40* 0.67** -0.38*
(0.03) (0.02) (0.00) (0.02)
A/P Mlnew L4/LS -0.22 0.49** 0.65** -0.33*
(0.13) (0.00) (0.00) (0.05)

A/P Mlnew L5/S1 0.14 0.55%* 0.41* -0.32
(0.24) (0.00) (0.02) (0.06)

* Correlation is significant at the 0.05 level (1-tailed).
** Correlation is significant at the 0.01 level (1-tailed).

While there are relatively few data points, a plot of the A/P MInew ratio at L3/L4 vs. LBP

seems to indicate that a ratio between 0.5 and 1.0 is associated with the lowest levels of pain

(Figure 3.12).
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Figure 3.12: LBP and A/P MInew Ratio L3/L4

3.5 Discussion

The age of participants is higher as compared to the typical age ranges in previous studies
conducted on MI and subsequent LBP. Most studies on MI have been conducted with younger,
male athletes (Franettovich et al, 2011). A significant scientific contribution of this work is the
evaluation of the associations between LBP and MI for the understudied population of older
women. It should be noted that this aspect of the study may be considered for older workers, as
there is an increasingly aging workforce in the United States, as more workers are delaying
retirement and continuing to work. The sample size (n=28) is relatively small to assess an
association between MI and LBP, however, small-n experimental designs are considered very

effective for randomized control trial (RCT) studies (Graham et al, 2012).
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MI was measured in terms of CSA (Mlcsa) and MLAL*CSA (Mlnew). MI was measured
anteriorly/posteriorly (by hemisphere) and laterally for all core muscles individually, in
functional groups, and by hemisphere. Various quantitative indices of imbalance were explored
including a novel approach for quantifying Mls. Relationships to LBP and MI were explored.
The new way of quantifying MI, MlInew, assumed that MLALSs may correct for some imbalance,
resulting in a better overall assessment than CSA alone.

MI measurements were normalized by finding the absolute percentage differences, rather
than considering absolute area differences. Percentages may be more meaningful in showing size
differences in the data, specifically muscular size differences, particularly when subject size and
stature vary. Mlcsa described the average absolute percentage differences between muscle sizes
using only CSAs, while MlInew described the average absolute percentage differences in moment
generating capability (product of muscle areas and corresponding muscle lever arms) between
muscles, muscle groups, and hemispheres.

MInew values were larger than the CSA model, as they were a product (CSA*MLAL).
The new model appears to be more sensitive to imbalance possibly because it incorporates the
MLAL distance factor. Interestingly, it was determined that when considering groups of muscles
rather than individual muscles, less MI was observed. This natural “correcting” for individual
muscle differences may explain the lower MI with groups and hemispheres than with individual
muscles. For example, MIcsa for the lateral hemisphere was less than 10% at all levels.
However, most individual muscle MIcsas were greater than 10% at all levels.

Both MI measurement models were checked for the appropriate assumptions via model
diagnostics. Case-wide diagnostics of the MI model data were inspected to identify any outliers

that may have been present in the data. There were no residuals that were three or more SDs
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from the mean, which may have been considered outliers. It was determined that valid inferences
could be made from the models, as the residuals of regression followed normal distributions. The
normal probability plot (P-P) residuals were normally distributed and conformed to the diagonal
normality line in the P-P plot. Homoscedasticity showed residuals were equally distributed via
plotted predicted values and residuals on scatterplot. Linearity was demonstrated by a straight-
line relationship between the predictor values in the regression and outcome variables for both
MI models and multicollinearity was checked with variation inflation factors (VIF) that were
each below 10.

Not surprisingly, BMI was positively correlated with weight and negatively correlated
with height. Exercise was negatively corrlated with BMI.

In the present study, no clear relationship was established where MI is always associated
with LBP. Inconsistent differences resulted from the unusual patterns of MI and LBP. The MInew
measaure indicated mixed results with respect to the link between MI and LBP. In some cases,
those with LBP had higher M1, in others MI was higher in those without LBP, depending on the
spinal level considered. It should be noted these comparisons are for no LBP (0 on scale from 0
to 10) vs. any pain (>0 pain rating). The spinal level considered appeared to impact whether or
not the relationship would be positive or negative. Therefore, imbalance location may play an
important role in LBP.

The linear regression findings also appear to suggest that the location of imbalance may
play an important role in LBP. One data point fell outside the whiskers of the box plots, and was
explored in greater detail. It belonged to a subject with severe scoliosis who had both high LBP
and MI. This data point supports the hypothesis that increased MI presented with increased LBP;

although it was higher than most of the other data, it was expected and explained.
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However, based on this potential outlier, it was suggested that this scoliotic subject may
be driving the relationship between MI and LBP, skewing results.The linear regressions were run
again without this particular scoliotic subject. The relationship between MI and LBP remianed
significant for the ES and Paraspianl muscle groups. The lateral hemisphere, however, was no
longer statistically significant (p=0.08). This suggests that scoliotic subjects warrant further
study.

It is worth exploring further because MI may be exacerbated by scoliosis and or scoliosis
could be a cause of LBP. In a study of volleyball players, volleyball players were five times
more likely to have scoliosis than non volleyball playing controls which is a compelling odds
ratio (Modi et al, 2008). It was not determined whether scoliosis or imbalance were leading to
pain. To further investigate and determine the linear relationship between MI and LBP, it may be
more meaningful to study scoliotic subjects and or unilateral sport athletes as these populations
have been found to have the highest levels of LBP and MI. exercise in general may not be the
most important relationship to investigate with respect to LBP and MI, Since it was not found to
be a good predictor of the relationship.

Certain types of exercise, like unilateral sports, have been shown to be more predictive of
LBP and MI. Certain muscle contractions in the core muscles (whether voluntary or involuntary)
may impact movement and subsequent LBP. In the future, these contractions might be
investigated in scoliotic subjects and unilateral sport athletes in tandem with MI and LBP to
better determine the relationship between them.

The relationship between MI and LBP appears to be a function of spinal level and the

grouping of muscles analyzed. While the MI relationship to LBP appeared to vary by spinal
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level, the L3/L4 level appeared to be most significantly and consistently related to LBP. Groups
of muscles in aggregate are better at predicting LBP. The muscle groups and the complete
hemisphere appeared most related to LBP. The hemispheres appeared to “balances out” when
investigating differences in muscles and muscle groups, resulting in lower estimates of MI for
both Mlcsa and Mlnew.

The previous weightlifting study population was quite different from the current MI
study, as no one was excluded for having LBP and subject inclusion criteria specifically included
being female and 50 or more years of age. The weightlifting study average age was significantly
less than the current study at 24 years and included both male and female subjects.

In this study, an increase in MI did not always lead to an increase in LBP. The spinal
lever and MI type (e.g., individual muscles, groups, hemispheres) were important. In this study,
the exercisers had greater MI than non-exercisers. Whereas, in the weightlifting study, there were
no MI differences between exercisers and non-exercisers with both groups exhibiting very low
Mlcsa levels of ~2%. The exercisers in this study did have more pain (2.1 vs. 1.4), but the
differences were not statistically significant and may be the result of exercise related discomfort.
This was somewhat surprising as it was hypothesized that exercise may impart a protective effect
with respect to both MI and corresponding LBP.

Age plays appears to play a role in the development of MI. Analysis showed a significant
difference in MI between younger and older populations. The muscle sizes (actual CSA sizes)
were not that different between the groups (young vs. old females), but the MI was significantly
greater for the older population of women.

It can be assumed that lateral MI is optimized when differences are small (i.e., the sides

are symmetrical). However, a similar assumption cannot be made with respect to the A/P
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hemispheres. To date, A/P MI, specifically the A/P ratio, has not been studied. Therefore, there
are not established “ideal” or desirable ranges for this ratio. However, it appears that ratios
between 0.5 and 1.0 were associated with the lowest levels of LBP. Theoretically, perfect
balance would occur at an MI of 0.0 laterally, but when considering A/P imbalance, more
research is needed to determine the optimal fore/aft balance. The posterior hemisphere is larger
than the anterior hemisphere and it has more moment generating capability, which is beneficial
since most lifting occurs in the front of the body (on the anterior side).

Very low A/P Mlnew ratio may be indicative of weak abdominal muscles which literature
indicates is related to LBP (Nourbakhsh et al, 2002). In fact, there is a cluster of high pain
subjects at the lowest observed A/P Mlnew levels. A/P Mlnew levels greater than 1.0 may be
indicative of obesity (e.g., protruding abdominal cavity). Since persons with relatively weak
abdominal muscles will tend to have lower A/P ratios. interventions targeting core muscles may
impact the A/P ratio favorably.

Pregnancy may influence lateral MI, due to its tendency to cause diastasis recti, which is
a separation between the two rectus abdominus muscles. This separation increases lateral
MLALSs and increases spinal load because of the loss of stability and function in the rectus
abdominus muscles, causing the erector spinae muscles to withstand more forces during tasks
with loads. Pregnancy-related changes to the rectus abdominus may also significantly impact the
A/P ratio. Similarly, obesity may also significantly impact the abdominal muscles, altering the
A/P ratio as well as lateral balance.

The exploration of the A/P ratio considered both Mlcsa and MInew models. The first three
spinal levels include the psoas in the posterior hemisphere, but at the L5/S1, the psoas is included

in the anterior hemisphere. Also, this hemispheric change may vary somewhat from subject to
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subject both in terms of when (level) and the degree (how far) to which the shift occurs.
Generally, the psoas muscles shift to the anterior side of the trunk at the L5/S1 level. How the
core and paraspinal muscles contribute to the A/P ratio is a function of spinal level. However, it
appears that with respect to the rectus abdominus and oblique muscles, smaller “weak” muscles
contribute to lower A/P ratios that may be related to increased levels of LBP.

3.6 Conclusion

A novel quantitative index for MI was established and its relationship to pain was
explored laterally and anteriorly/posteriorly for all core and paraspinal muscles individually, in
muscle groups, and by hemisphere. The A/P ratio was explored to determine what ratios were
associated with the most and the least pain. MI muscle, and muscle group measurements were
higher on average for the new model, since it is the product of the CSA and MLAL. In general,
the MInew was more significantly related to LBP than Mlcsa. This may be attributed to the
strength of the MLALSs correcting for imbalance directionally, particularly in the hemisphere’s
measurements.

The regression correlation coefficients allowed relationships of various factors to MI to
be determined. While there were not many significant relationships found, there were several
that were found to be trending towards significance. There was a mixture of body types in the
population, some subjects had bigger muscles than others, so we controlled for this by
normalizing the MI measurements with the average absolute percentage differences.

The hypothesis of the experiment that higher levels of MI would be associated with higher
self-reported LBP ratings was not conclusively supported. The plots of MI against LBP reported
pattern are not exactly as expected, with Mls positively or negatively correlating with LBP

depending on the spinal level and the measure (Mlcsa or MInew). Some statistically significant
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differences were relatively small and most correlations, while significant, were modest. Possible
explanations include small size and potential biases in subject recruitment (e.g., many of the
subjects were recruited from the same gym/rehab center). Future studies should consider both a
larger and more diverse cohort of subjects.

Expanding on previous studies on trunk asymmetry, this novel MI index was evaluated at
each spinal level between L2-S1, rather than at a single level as in most studies. It was
determined from the current study that the L3/L.4 level showed the promise for use in evaluating
the association between MI and LBP. Future studies on MI should ensure this spinal level is
included in the analysis. These data are important because they may be used to build and
improve upon biomechanical models with estimates of trunk/spinal/core pain and measurements
using factors such as: age, height, weight, and exercise intensity and duration. The MRI data may
also be used to build models of relative positions of muscles and sizes. This is particularly
important for this population, older women, which is typically not included in studies of this
type. Overall, MI does appear to be related to discomfort, however the relationship between MI
and exercise did not appear to be supported.

A more inclusive study is needed to follow this pilot study. It was hard to establish a clear
relationship between MI and LBP, but a repeated measure was established that can be
incorporated into future studies. Post hoc analyses on the power of the relationships between
LBP and exercise, LBP and MI and exercise and MI all were below 0.8, indicating that the
sample size needs to be larger to have sufficient subjects to detect the actual effect found. It can
be assumed that CSA represents muscle force capability, and MLAL is the relative mechanical

advantage of muscles. Together, CSA and MLAL provide moment generating capability. The
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larger MI switched between the left and right sides of the lateral measurements throughout the
spinal levels without apparent pattern.

The mechanism behind how MI occurs and subsequent LBP is not known for certain, but
it may be caused by asymmetric loading of the spine which introduces tension, causing muscle
pain fibers to become irritated, ultimately leading to pain sensation caused by electrical signals
being sent to the brain. The mechanism may be muscle related pain, leading to lateral shifts,
leading to shear compression and uneven/asymmetric loading of the spine. Stresses need to be
distributed symmetrically so that stress concentrations do not become too high at some locations
in the spinal motion segments. Asymmetrical loads can create shear compression in the spine,
causing nociceptors in and around the disc to produce a signal that travels through the muscle
and nerve fibers to the brain, indicating pain.

This finding brought attention to a priori considerations for potential follow-up analyses
based on limitations of the current study. There is a level of muscle efficiency that is present,
coordinating motor units to allow muscle contractions in the muscle fiber. This study did not
control for muscle fiber types. Some muscle fiber types respond better to different types of
exercise. There is a difference in chronic pain and muscle pain. Future studies should control for
the type of pain subjects experience. The subjects that were recruited for this study came from an
exercise environment, introducing a fundamental bias. The exercisers may have had greater LBP,
but they were established in their exercise routines. Subjects of both genders with more diverse
age ranges, BMIs, and fitness levels should be included in future studies. Data should also be
collected on handedness and participation in sports that are inherently asymmetric such as racket

sports, which may be found to contribute to lateral MIs.
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Chapter 4

Effects of Exercise on Muscular Imbalance and Low Back Pain: A Pilot Study

4.1 Introduction

There are many proposed ways to decrease the likelihood of developing an MSD.
Stretching has been shown in studies to increase flexibility through viscoelasticity of muscle
tendon units (Kubo, 2001). However, stretching has not been consistently shown to have a
significant impact on reducing the risk of developing an MSD (Hess and Heckler, 2003; van
Poppel, 1997; CDC; Thacker et al, 2004).

Exercise ameliorates atrophy of the paraspinal and core muscles. Exercise is often
prescribed as part of a rehabilitation program for chronic pain (Sullivan et al, 2012).
Strengthening the core muscles through exercise has been shown to reduce LBP (Wang et al,
2012). The literature suggests an underlying model: imbalances lead to tension and then pain.
This concept can be rigorously tested via MRI.

It is hypothesized that as imbalances increase, so will ratings of LBP discomfort. MI in
the torso and pelvic regions has also been referred to as LCS, pelvic cross syndrome, and flexion
intolerance. This theory hypothesizes that LBP can be caused by MIs across the torso and lower
back. The theory suggests that imbalances can be exacerbated by repetitive shortening and
tightening of the muscles, which subsequently results in chronic tightening patterns across the
body which can result in some muscles weakening, increases in hip flexion, and subsequent
LBP. Persons that maintain prolonged static postures are at risk for developing this type of MI
(Anghel, 2007). It should be noted that unless and until such tightening patterns weaken muscles,

the muscles will not change in size and therefore cannot be detected using MRI or other imaging
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techniques. However, as muscle atrophy or hypertrophy occurs, such changes can be detected via
MRI.

Tai Chi exercise is symmetric in nature (working both sides of the body equally) and low
impact. It combines balance, strengthening, and stretching. Tai Chi is often prescribed as an
exercise intervention for people suffering from arthritis and osteoporosis (Han et al, 2004; Lee et
al, 2008). It is also used as a method to help reduce falls in older people by improving physical
function and coordination (Logghe et al, 2010). The research regarding Tai Chi as an
intervention support its potential efficacy as a form of exercise that may reduce LBP or help
manage it.

In a 2011 study, Hall et al, demonstrated the benefits of Tai Chi from a patient
perspective. Their study found significant reductions in LBP symptoms and included multiple
positive subject testimonials. This and other studies called for more research to be conducted on
Tai Chi interventions to add to the literature demonstrating its clinically worthwhile benefits,
specifically as a LBP alleviator. The objective of this study was to investigate physiological
changes in trunk musculature and its relationship to MI related LBP over time.

4.2 Materials and Methods
4.2.1 Study Sample Characteristics
Chapter 3 was Phase I of this study and consisted of a cross-sectional analysis. This chapter
(4) includes a prospective analysis (Phase II) conducted based upon the previous cross-sectional
analysis, with a new aspect added to the previous cross-sectional phase (subject groups). This
prospective analysis investigated LBP, MI, exercise, and related changes from 3 different groups
(control, intervention, Tai Chi) with weekly surveys over a six-month period. All subjects met

the same inclusion criteria as in Chapter 3 and their personal characteristics are shown in Table
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4.1. At baseline, all subjects (n=28) had a mean age of 62.8 years (SD=8.37), weight of 69.9 kg
(SD=17.04), and BMI of 25.7 kg/m? (SD=6.10).

Table 4.1: Characteristics of Subjects at Baseline, Means and SD

Factor Mean SD
Age (Years) 62.79 8.37
Height (m) 1.66 0.14
Weight (kg) 69.91 17.04
BMI (kg/m?) 25.67 6.10
Typical Amount of Exercise 4.38 4.24
(Hour/Week)
LBP 1.96 2.42
(0-10)

Phase I included a baseline MRI and symptom survey from all participants consisting of both
Tai Chi practitioners, and control subjects, who at the outset of the study did not practice Tai
Chi. Phase II included a prospective study of a randomized subset from the baseline enrollment.
Two analyses were done on the subjects followed in time.

The first was of the participants placed in a subset of one of five intervention groups. Table
4.2 provides characteristics of the subset of participants followed over time, with respect to their
intervention group classification. The second analysis was a comparison of Tai Chi practitioners
and non-Tai Chi practitioners during the intervention. Table 4.3 provides characteristics of this
subset of participants followed over time, with respect to their status as a Tai Chi practitioner.
The subject sample size decreased from n=28 at baseline to n=25 during the intervention due to

COVID-19 restrictions and the loss of the ability to collect additional follow up data.
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Table 4.2: Characteristics of Intervention Group Subjects, Means and SD

Intervention Group N Mean SD
Age (Years) Control No Exercise 3 66.00 2.65
Control Exercise 3 55.33 1.53
Exercise Plus Tai Chi 7 58.71 5.96
No Exercise Plus Tai Chi 2 54.00 4.24
Tai Chi 10 70.30 7.20
Total 25 63.44 8.51
Height (m) Control No Exercise 3 1.74 0.04
Control Exercise 3 1.65 0.03
Exercise Plus Tai Chi 7 1.69 0.08
No Exercise Plus Tai Chi 2 1.63 0.16
Tai Chi 10 1.60 0.21
Total 25 1.65 0.15
Weight (kg) Control No Exercise 3 97.57 12.69
Control Exercise 3 56.10 3.86
Exercise Plus Tai Chi 7 63.57 10.61
No Exercise Plus Tai Chi 2 69.50 0.71
Tai Chi 10 62.50 9.22
Total 25 66.80 14.79
BMI (kg/m?) Control No Exercise 3 32.48 5.47
Control Exercise 3 20.64 2.02
Exercise Plus Tai Chi 7 22.16 3.19
No Exercise Plus Tai Chi 2 26.49 4.77
Tai Chi 10 25.21 6.54
Total 25 24.78 5.85
LBP (0 - 10) Control No Exercise 4 0.40 0.61
Control Exercise 4 1.08 0.38
Exercise Plus Tai Chi 8 2.75 2.11
No Exercise Plus Tai Chi 2 0.60 0.84
Tai Chi 10 1.53 1.61
Total 28 1.59 1.68
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Table 4.3: Characteristics of Subjects Tai Chi Practitioners and Non-Tai Chi Practitioners,

Means and SD
Tai Chi Group | N | Mean | SD
Age (Years) | No Tai Chi 6| 60.67 | 6.15
Tai Chi 19 | 6432 | 9.09
Total 25163.44| 8.51
Height (m) | No Tai Chi 6| 1.69| 0.06
Tai Chi 19 1.64| 0.16
Total 251 1.65| 0.15
Weight (kg) | No Tai Chi 6| 76.83 |24.21
Tai Chi 19 63.63 | 9.20
Total 251 66.80 | 14.79
BMI (kg/m?) | No Tai Chi 62656 | 7.46
Tai Chi 19 | 2422 | 537
Total 2512478 | 5.85
LBP (0 -10) | No Tai Chi 8| 0.74| 0.59
Tai Chi 200 1.92| 1.86
Total 28 | 1.59| 1.68

The control group of non-Tai Chi practitioners were asked to not perform any activities
beyond their normal daily life activities. Specifically, if the subjects in the control group were
exercisers, they were asked to maintain their current exercise routines. The Tai Chi intervention
group subjects practiced Tai Chi regularly for at least two days a week participating in one-hour

sessions during the six-month duration of the study. Subjects from the Tai Chi group to be
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followed prospectively and received no intervention but were periodically (weekly) surveyed
regarding any low back symptoms and their activity level (e.g., participation in Tai Chi as well
as other forms of exercise) (Appendix 7). The Tai Chi intervention group, and the control group
acted as controls (no intervention).

4.2.2 Measuring Methods

4.2.2.1 Magnetic Resonance Imaging and Image Measurements

Follow up lumbar spine standardized T2 weighted sagittal continuous, axial continuous, and
multi-group MRI scans of L2-S1 were gathered at AUMRIRC on a Siemens Verio open bore 3T
MRI scanner with the abdomen coil from the participants following the same MRI procedure
protocol stablished and described in Chapter 3. Images were also assessed in the same manner as
established in Chapter 3 to obtain including CSAs, MLALSs, and MInew. MInew Was previously
established as the better method of quantifying MIs and assessing its relationship to LBP;
therefore, MInew will solely be used for MI calculations in this prospective analysis.

Data on types of exercise and duration and self-reported pain ratings from weekly
surveys were used to investigate physiological changes in trunk musculature and its relationship
with MI-related LBP over time with respect to exercise, specifically Tai Chi.

4.3 Statistical Analysis

The average absolute percentage differences for MInew change across the core and paraspinal
muscles through the lumbar spine levels (L2-S1) at baseline for all subjects (n=28) was found
using the A MlInew individually and as a group, like previously.

Paired t-tests were performed to find any significant changes in MInew change from
baseline to follow up for all subjects. Weekly survey exercise type/duration and self-reported

pain ratings baseline data and average (during six-month intervention period) data were
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compared across all subjects and within each intervention group and Tai Chi group via Analysis

of Variance (ANOVA). A between group analysis was done to determine if any of the

intervention groups had significant personal characteristic, MInew, or LBP differences over the

study period.

4.4 Results

4.4.1 Baseline Groups

Table 4.4 shows the average absolute percent longitudinal change in MInew for all

subjects in the study, across all groups.

Table 4.4: AMInew Average Absolute Percentage Change for All Subjects

AMInew Change L2/L3 L3/1L4 L4/L5 L5/S1
Mean | SD Mean | SD Mean | SD Mean | SD
Erector Spinae 0.37| 11.45 334 1141 | -2.63| 11.79| -449| 12.18
Psoas 0.15| 1036 | -1.46 9.76 | -0.87 7.42 | -2.35] 18.03
Oblique 222 | 1564 | -0.80 844 | -2.75| 16.13 2.59 | 20.60
Rectus Abdominus 7.23 | 21.20 | -8.17| 19.14| -295| 21.96| -1.66| 15.93
Quadratus Lumborum -0.50 | 20.11| -1.75] 10.80| -4.76 | 23.91 -—F | -
Paraspinal Group 1.89 | 10.79 1.28 | 11.23 | -1.62 9.45| -0.57| 12.13
Core Group 2.55| 1481 | -2.27 9.69 | -2.89| 15.05 447 | 17.37
Lateral Hemisphere 349 | 12.05| -1.43 889 -1.58| 10.09| -1.13| 11.55

1 QL does not extend to this level in most subjects and therefore was not used
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Table 4.5 is the paired t-test results for the change in MI for all subjects across all groups.

Table 4.5: AMInew Change Paired T-Test Results for All Subjects

AMInew Change Significance (P-Value)

L2/L3 L3/L4 L4/L5 L5/S1

Erector Spinae 0.97 0.16 0.28 0.09%*
Psoas 0.92 0.46 0.56 0.67
Oblique 0.40 0.64 0.40 0.46
Rectus Abdominus 0.08** 0.04* 0.51 0.57
Quadratus Lumborum 0.84 0.43 0.33 ---F
Paraspinal Group 0.45 0.58 0.40 0.99
Core Group 0.34 0.25 0.35 0.18
Lateral Hemisphere 0.14 0.43 0.44 0.78

1 QL does not extend to this level in most subjects and therefore was not used
* Significant at the 0.05 level
** Trending towards significance at the 0.05 level

The L3/L4 rectus abdominus was the only muscle found to have a significant AMInew
change over time for all subjects, via paired t-test.

Table 4.6 is the AA/P Mlnew ratio changes and the paired t-test significances for AMInew
change. No AA/P Mlnew ratios were found to have a significant difference from baseline to
follow up.

Table 4.6: AA/P MI Ratio Change and Paired T-Test Results for All Subjects

AA/P MlInew Change Mean SD Minimum | Maximum | Significance
(P-Value)
L2/L3 0.07 041 -0.82 0.74 0.45
L3/L4 0.05 0.27 -0.57 1.01 031
L4/L5 0.03 0.21 -0.45 0.48 0.49
L5/S1 0.08 0.25 -0.22 0.67 0.14

At baseline, there were six non-exercisers, twelve exercisers, and ten Tai Chi

practitioners. Table 4.7 shows the personal characteristics of these three groups.
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Table 4.7: Baseline Personal Characteristics of Non-Exercisers, Exercisers, and Tai Chi

Practitioners
Factor Group Mean SD
(At Baseline)
LBP (0 - 10) Non-Exerciser 1.42 2.52
Exerciser 2.03 2.69
Tai Chi 2.20 2.22
Total 1.96 2.42
Exercise (Hour/Week) Non-Exerciser 0.00 0.00
Exerciser 5.54 4.51
Tai Chi 5.60 3.57
Total 4.38 4.24
Age (Years) Non-Exerciser 60.33 6.74
Exerciser 57.75 5.15
Tai Chi 70.30 7.20
Total 62.79 8.37
Height (m) Non-Exerciser 1.67 0.11
Exerciser 1.70 0.08
Tai Chi 1.60 0.21
Total 1.66 0.14
Weight (kg) Non-Exerciser 85.58 15.14
Exerciser 67.92 18.92
Tai Chi 62.90 9.07
Total 69.91 17.04
BMI (kg/m?) Non-Exerciser 30.73 5.29
Exerciser 23.42 5.01
Tai Chi 25.34 6.42
Total 25.67 6.10

Only one statistically significant difference between Tai Chi practitioners, non-exercisers,
and exercisers for MInew was found at L5/S1 for the rectus abdominus (42% vs. 29% (non-
exercisers) and 19% (exercisers), p=0.03). Appendix 9 contains all descriptive statistics and
ANOVA results for this comparison. Table 4.8 contains significant relationships between the

three groups at baseline.
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Table 4.8: Significant Relationships Between Tai Chi Practitioners,

Non-Exercisers, Exercisers at Baseline

Tai Chi Practitioners Have Higher Measurements

Factor P-Value (Tai Chi Practitioners, Non-Exercisers, Exercisers)
Exercise (Hour/Week) 0.01* (5.6,0,5.5)
Age (Years) 0.00* (70, 60, 58)
Controls (Non-Exercisers and Exercisers) Have Higher Measurements
Weight (kg) 0.03* (63, 86, 68)
BMI (kg/m2) 0.05* (25,31, 24)

*Significant at the 0.05 level

Tai Chi practitioners had a higher LBP at baseline, even though they exercised more
hours per week (Figure 4.1). Tai Chi practitioners exercised more (Figure 4.2) and were older.

Controls weighed more and had a higher BMI (Figure 4.3).

LBP at Baseline

4.00

2.00

LBP at Baseline (0 to 10)

0.00

-2.00
Non Exerciser Exerciser Tai Chi

Groups

Error Bars: 95% ClI

Figure 4.1: LBP at Baseline for Non-Exercisers, Exercisers, and Tai Chi Practicioners
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Figure 4.2: Exercise at Baseline for Non-Exercisers, Exercisers, and Tai Chi Practicioners
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Figure 4.3: BMI at Baseline for Non-Exercisers, Exercisers, and Tai Chi Practicioners



4.4.2 Intervention Groups

There were five intervention groups >(n=28) in the Tai Chi prospective study:

Controls (Non-Exerciser) (n=4)
Controls (Exerciser) (n=4)
Exerciser (PLUS Tai Chi Practitioner) (n=8)
"Non-Exerciser (PLUS Tai Chi Practitioner) (n=2)
Tai Chi Practitioner (n=10)
TThere were only n=2 non-exercising controls that participating in the Tai

Chi intervention.

Data was able to be gathered from weekly surveys over the study

duration for the three subjects that were not able to receive a follow up
MRI. Follow up MInew has n=25, but the survey data (exercise/pain info)
has n=28.
Appendix 10 includes all descriptive statistics and ANOVA results of MInew change for
the intervention groups. The average LBP each intervention group reported and the average
amount of Tai Chi they participated in each week is seen below in Table 4.9. There were no

other apparent differences in MI between the intervention groups.
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Table 4.9:

Intervention Study Groups Characteristics

Factor Group Mean | SD
Controls (Non-Exerciser) 0.40 0.61
Controls (Exerciser) 1.08 0.38
. Exerciser (Plus Tai Chi Practitioner 2.75 2.11
LBP Rating Average (0 - 10) Non-Exer((:iser (Plus Tai Chi Practitzoner) 0.60 0.84
Tai Chi Practitioner 1.53 1.61
Total 1.59 1.68
Controls (Non-Exerciser) 0.00 0.00
Controls (Exerciser) 0.00 0.00
Tai Chi Average Exerciser (Plus Tai Chi Practitioner) 1.59 0.57
(Hour/Week) Non-Exerciser (Plus Tai Chi Practitioner) 1.81 0.27
Tai Chi Practitioner 1.98 1.77
Total 1.29 1.36

The exercise plus Tai Chi group had the highest average LBP; the control (no exercise)

and the no exercise plus Tai Chi group had the lowest LBP (Figure 4.4).

LBP Average (0 to 10)

-10.00

10.00

5.00

-5.00

LBP During Intervention

Control No Control Exercise Plus No Exercise
Exercise Exercise Tai Chi Plus Tai Chi
Groups

Error Bars: 95% CI

Figure 4.4: Average LBP For Intervention Groups
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Siginificant personal characteristics relationships for the intervention groups showed that

Tai Chi practitioners were older and practiced more Tai Chi per week, while controls weighed

more and had a higher BMI (Table 4.10).

Table 4.10: Significant Relationships Among Intervention Groups

Tai Chi Practitioners (Exercisers Plus Tai Chi, Non-Exercisers Plus Tai Chi, Current Tai Chi
Practitioners) Have Higher Measurements

Factor P-Value (Exercisers Plus Tai Chi, Non-Exercisers Plus Tai Chi, Current
Tai Chi Practitioners, Non-Exercisers, Exercisers)
Age (Years) 0.00* (59, 54, 70, 66, 55)
Tai Chi (Hour/Week) 0.02* (2,2,2,0,0)
Controls (Non-Exercisers and Exercisers) Are Heavier and Have Larger BMIs
Weight (kg) 0.00* (64, 70, 63, 98, 56)
BMI (kg/m2) 0.06%* (22, 26, 25, 32, 21)

* Significant at 0.05
**Trending Towards Significance at 0.05

Figures 4.5 — 4.7 show the AMInew change for intervention groups at the L.3/L4

for the erector spinae, paraspinal muscle group, and lateral hemisphere, respectively.

15.00

10.00

5.00

0.00

-5.00

-10.00

MI New Change Erector Spinae L3/L4

MI New Change Erector Spinae L3/L4

-15.00

Control No Control
Exercise Exercise

Exercise Plus No Exercise Tai Chi
Tai Chi Plus Tai Chi
Groups

Figure 4.5: AMInew Change for Intervention Groups Erector Spinae L3/L.4
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MI New Change Paraspinal Muscle Group
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MI New Change Lateral Hemisphere L3/L4
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Figure 4.6: AMInew Change for Intervention Groups Paraspinal Muscle Group L3/L4
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Figure 4.7: AMInew Change for Intervention Groups Lateral Hemisphere L.3/L4
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4.4.3 Tai Chi Groups

A between groups comparison was run for intervention groups that either practiced Tai
Chi or did not practice Tai Chi. Subjects were considered Tai Chi practitioners whether they
were already current Tai Chi practitioners at the start of the study or became one in an
intervention group. Non-Tai Chi practitioners served as controls for this group comparison.
Appendix 11 includes all descriptive statistics and ANOVA results for the analysis of MInew
change during the intervention study for Tai Chi practitioners (n=8) and Non-Tai Chi
practitioners (n=20). Data was able to be gathered from weekly surveys over the study duration
for the three subjects that were not able to receive a follow up MRI. Follow up Mlnew has n=25,
but the survey data (exercise/pain info) has n=28.Table 4.11 shows the descriptive analysis of
LBP and average Tai Chi exercise per week for Tai Chi groups.

Table 4.11: Intervention Study Groups (Tai Chi and Non-Tai Chi) Characteristics

Tai Chi Group | Mean SD

No Tai Chi 0.74 0.59
LBP Rating Average (0 - 10) Tai Chi 1.92 1.86

Total 1.59 1.68

No Tai Chi 0.00 0.00
Tai Chi Average (Hour/Week) Tai Chi 1.80 1.28

Total 1.29 1.36

It was found that Tai Chi practitioners had a higher average LBP during the study (Figure
4.8); however, Tai Chi LBP was 1.9 vs. non-Tai Chi LBP of 0.74, which was not a significant
difference. Tai Chi practitioners weighed less than the non-Tai Chi controls (64 kg vs. 77 kg,

p=0.055).
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LBP Rating During Intervention

LBP Average (0 to 10)

1.00

No Tai Chi Tai Chi

Groups
Error Bars: 95% CI

Figure 4.8: Average LBP for Tai Chi and Non-Tai Chi Groups

Tai Chi practitioners had a larger decrease in AMInew at several locations at the L5/S1
level. The erector spinae (p=0.05), paraspinal muscle group (p=0.03), and lateral hemisphere
(p=0.01) all had significantly decreased AMInew than Non-Tai Chi. These relationships are

plotted in Figures 4.9 — 4.11.
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MI New Change Lateral Hemisphere L3/L4
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Figure 4.11: AMInew Change for Tai Chi Groups Lateral Hemisphere L3/L4

Only one AMInew change measure was found significant. The psoas at L4/L5 decreased
more for Tai Chi practitioners than controls (p=0.03). The opposite relationship occurred at
L5/S1 for the lateral hemisphere MI. Control subjects (Non-Tai Chi) had a larger decrease in
AMINew than Tai Chi practitioners (-4% vs. 7%, p=0.05).

4.4.4 Anterior/Posterior Ratio

A/P Mlnew ratios at baseline were found significant for all four spinal levels (Table 4.12).
AA/P Mlnew change was found to have a significant difference between groups only at the L5/S1
level for the intervention groups (Table 4.13). The Tai Chi group was following this pattern at

L5/S1 for AA/P Mlnew change (p=0.07), trending towards significance (Table 4.14).
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Table 4.12: A/P MInew Ratio at Baseline, Means and P-Values

A/P Mlnew
Group L2/L3 | L3/L4 | L4/L5 | L5/S1
Non-Exerciser 1.10 0.77 0.97 1.18
Exerciser 0.64 0.39 0.49 0.81
Tai Chi Practitioner 0.60 0.45 0.62 0.82
P-Value 0.02* | 0.05* | 0.03* | 0.05*
*Significant at the 0.05 level

Table 4.13: AA/P Mlnew Ratio Change for Intervention Groups, Means and P-Values

AA/P Mlnew Change
Group L5/S1
Controls (Non-Exerciser) +0.40
Controls (Exerciser) +0.09
Exerciser (Plus Tai Chi Practitioner) +0.02
Non-Exerciser (Plus Tai Chi Practitioner) +0.33
Tai Chi Practitioner -0.03
P-Value 0.05%
*Significant at the 0.05 level

Table 4.14: AA/P Mlnew Ratio Change for Tai Chi Groups, Means and P-Values

AA/P Mlnew Change
Group L5/S1
No Tai Chi +0.24
Tai Chi +0.03
P-Value 0.07**
**Trending Towards Significance at the 0.05 level

4.5 Discussion

The age of participants is rather high as compared to previous studies conducted on MI and

subsequent LBP; most studies on MI have been conducted with younger, male athletes
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(Franettovich et al, 2011). A significant scientific contribution of this work is this evaluation of
the associations between LBP and MI for the understudied population of older women.

Studying older subjects is important since the overall age of the workforce is increasing, for
a variety of reasons. The sample size is relatively small to assess an association between changes
in MI and LBP due to exercise, however, small-n experimental designs are considered very
effective for RCT studies (Graham et al, 2012). When working with narrow populations (i.e., of
all similar age, condition, gender, etc), it can be difficult to observe statistical relationships
related to those conditions they share.

The statistical methods used in this analysis were selected to follow subjects in time. The
longitudinal AMInew changes generally followed a decreasing pattern from baseline to follow up.
There were some increases in MlInew at follow up. But most increases that were present were
small. The MInew model produced larger values for MI as it was a product of CSA and MLAL.
Differences from baseline to follow up in MIxew were not found to be significant. L3/L.4 rectus
abdominus was the only AMInew measure found significant. The study period may have been too
short a duration for subjects to accumulate more significant changes in AMInew. Here, the L3/L4
again is shown to be the level most associated with AMInew change over time. This may suggest
that location/level is important in predicting and analyzing MInew development. CSA was more
affected than MLAL over the course of the study; CSA increased more than MLAL for both
lateral and A/P AMlInew.

The mean age of the Tai Chi group and average exercisers was higher than controls, and
weight and BMI were higher for controls. A significant difference was found for age, weight,

and BMI between the groups at baseline. At baseline there were only two AMInew measurements
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found significant between non-exercisers, exercisers, and Tai Chi practitioners. Tai Chi seemed
to have a protective effect on subjects — they exercised more and had lower BMIs.

During the intervention, controls once again had higher weight and BMI than Tai Chi
practitioners. L2/L3 erector spinae and paraspinal muscle group AMInew were approaching
significance. There were only significant AMInew decreases found for Tai Chi practitioners at
L4/L5 psoas muscles. These results show that Tai Chi seemed to have a protective effect on
subjects. Tai Chi intervention subjects had the most reduction in AMInew from baseline to follow
up. Tai Chi practitioners had overall less increase in AMInew than controls (those not doing Tai
Chi).

Cohen’s d for the intervention groups (the five groups) AMInew change, and LBP
indicated a small effect size with an alpha of 0.05. There is not a defined “meaningful effect” for
this new measure of AMInew yet; therefore, this pilot study provides some context for what the
expected effect might be. A priori power analysis conducted after the study determined a sample
size of n=52 subjects would be needed to have the statistical power to detect a meaningful effect
size in relation to AMInew change and LBP.

The A/P Mlnew ratio was significant at baseline between non-exercisers, exercisers, and
Tai Chi practitioners for all levels. Tai Chi practitioners had lower A/P MInew ratios at L2/L3 and
L5/S1, the same as controls at .3/L4, and was only slightly more at L4/L5. Current Tai Chi
practitioners had larger A/P MlInew decreases than the other intervention groups and non-Tai Chi
practitioners at L5/S1. These results again seem to show that Tai Chi may be beneficial for
maintaining healthy weight and reducing MI. However, it did not seem to be as effective for

preventing or mitigating LBP, but this may be due to the significantly higher age of Tai Chi
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practitioners as compared to the other groups. Age has been attributed as a large and important

role in developing LBP.

4.6 Conclusion

It can be assumed that CSA represents muscle force capability, and MLAL is the relative
mechanical advantage of muscles. Together, CSA and MLAL provide moment generating
capability and can be used to identify and calculate MI in a perhaps more meaningful way.

In this pilot study, Tai Chi seemed to have some effect on the development and change of
Minew. It was difficult to demonstrate the benefit of an exercise regimen with a small sample size
and the primary hypothesis is that MI causes pain, but the data are such that we can only show an
association of pain. This study investigated important relationships that should be considered in
future biomechanical models, such as: the progression of changes in trunk muscle over time (six
months in the present case); the relationship between personal characteristics, physical activity,
and LBP; and an evaluation of trunk muscle parameters as risk factors for LBP or its
development and determined if CSA, MLAL, and MI at baseline are predictors of LBP at follow-
ups.

Building muscle gradually is less harmful on the body than quickly building muscle. Tai
Chi 1s prescribed for patients with LBP due to its symmetric and deliberate movements.
Increasing muscle strength too quickly may increase compression forces, which increases
damage accumulated, and high spinal compression. Distributing stresses symmetrically may
counteract the mechanism behind MI from occurring, since it allows stress concentrations to be

balanced, preventing too high of concentrations at various points.
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There are several a priori considerations for potential follow-up analyses based on
limitations of the current pilot study. A sample of subjects of both genders with a more diverse
age range and BMI should be considered in future studies with data collected on handedness,
which may be found to contribute to lateral MIs. The sample size in the study was so small that
the difference may have been too small to notice in the analysis. The experimental design was
appropriate, but the results indicated more subjects needed to be analyzed to determine the true
effect. The current study was confounded by intervention subjects that were exercising
individually (unsupervised), in addition to the intervention exercise (instructor-led Tai Chi
classes).

Muscle fiber type was not controlled for, which should be investigated in future studies
as some muscle fiber types respond better to different types of exercise. There was a fundamental
bias present, as people that already exercised were more willing to participate in the study. Also,
many of the participants were recruited from a hospital-run facility that was both a gym and a

rehab center which could explain some of the LBP in the subjects that were exercisers.
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Chapter 5
Impact of Physical Imbalance on Work-Related Musculoskeletal Disorders: An Epidemiological

Investigation of Imbalances in a Large Automotive Ergonomic Database

5.1 Introduction

Year after year, the most prevalent and costly types of injuries in the workplace are work
related musculoskeletal disorders (WMSDs), leading to significant lost workdays or days away
from work (Bernard et al, 1997; Silverstein et al, 2004). Direct and indirect costs associated with
WMSDs exceed $100 billion annually. These costs include worker’s compensation, medical
expenses, as well as loss of productivity and reductions in product quality. WMSDs have also
been shown to have a significantly negative impact on quality of life due to the long-term pain
from which many workers suffer (Westmorland et al, 2002; Qutubuddin, 2014). Approximately
35% of all occupational injuries and illnesses from 1992-2010 were related to WMSDs (Leigh et
al, 2001; Bhattacharya et al, 2014). The estimated economic impact of WMSDs in 1998 was $54
billion, and it is steadily increasing; $796 billion was the total estimated cost of WMSDs in 2009
(Morse et al,1998; Yelin et al, 2016; Yelin et al, 1995).

Some industries have higher prevalence rates of WMSDs than others, such as automotive
assembly (Nur et al, 2009). Automotive assembly jobs often require a worker to quickly
complete highly repetitive tasks on assembly lines with high forces and awkward postures,
affecting their muscles, tendons, and joints (Nurmianto et al, 2015; Punnett, 2004). While it is
difficult to determine the exact cause of WMSDs, there are multiple risk factors that have been

associated with the likelihood of developing WMSDs.
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There have been many studies done that explore the relationship between physical and
individual risk factors; however, there have been very few published studies that investigate the
relationship of imbalances to occupational LBP outcomes. This study was conducted to address
this gap in the literature by investigating possible associations between imbalances and LBP.
This study investigated several measures of imbalance. These imbalances were studied
individually and as a grouped category (i.e., one or more imbalances) to determine if there were
any statistically significant associations with LBP and/or the propensity of subjects to seek
medical attention related to that LBP. Various types of asymmetrical lifting or twisting activities
were also considered independently and together to explore their possible relationships to LBP.
The objective of this experiment was to evaluate the effects of various forms of MI on MSDs
using an epidemiological database of workers while controlling for psychosocial factors.

5.2 Materials and Methods

An epidemiological study was conducted in automotive manufacturing facilities
performing a variety of tasks (Sesek, 1999). This study produced a database linking job-specific
ergonomic data to personal injury and symptom data for a variety of manufacturing jobs from 6
different automotive manufacturing facilities. Self-reported symptoms and medical data
(obtained by occupational medicine physicians (OMPs)) were collected for 1,016 subjects. This
database was used to test and validate a variety of imbalance concepts in an occupational setting.
Odds ratios were computed to demonstrate the relative risk of LBP for several imbalance
conditions.

Of the 1,016 subjects participating, there were 56 subjects with one or more imbalances
and 960 without imbalance; 34 subjects met one imbalance criterion, while 20 met two

imbalance criteria, and two met three criteria.
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These imbalances were evaluated by a physical medical examination given by an OMP.
The medical exam was blinded of history, so only symptoms and physical characteristics were
reported. This medical examination included questions on physical abnormalities, tenderness to
palpation at various locations on the body, motor power, and range of motion.

An imbalance was defined by the presence of one or more of the following criteria as
evaluated and reported by OMPs.

Spine not straight (n=32 subjects): This was determined through a physical examination of
the spine. OMPSs first observed subjects for abnormal gait and posture, then inspected for the
types of spine curvature disorders: lordosis (spine curves inward at the low back), kyphosis
(rounded upper back >50 degrees of curvature), and scoliosis (sideways curved spine in an S- or
C-shape). The OMP evaluated this by having the subject bend forward — postural curvatures go
away, but structural spinal curvature does not in this position. If kyphosis was suspected, the
subject was asked to extend their lower back.

Shoulders and/or pelvis not level (n=26 subjects): The shoulders and pelvis were examined
with the spine as they are linked and may be causes of symptoms. When checking for spinal
curvature, shoulder asymmetry and pelvic tilt are assessed. The subjects' posture was observed
while walking to determine gait abnormalities, and during standing and sitting. If an antalgic
limp is present, it may be an attempt to decrease stress on the hips/pelvis. This may cause some
one side of the body to overcompensate for the lack of support from the opposite side, which
may lead to muscle deterioration. Shoulders were examined for symmetry (function and

position).
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Lateral deviation difference from left to right (n=6 subjects): The spine was inspected for
scoliosis, which is the lateral deviation of the spine from left to right. These subjects’ sideways
curve in the spine did not resolve after bending over.

Rotational difference from left to right (n=3 subjects): The subjects were seated and asked
to twist around to each side. The OMP reported the range of motion (normal is 40°).

Motor power difference in lower extremities (n=13 subjects): This examination tested muscle
strength of the lower extremities. The OMP pushed on the lower extremities while the subject
attempted to resist the force, and then reported a score out of five points from 0/5 to 5/5 based on
the amount of resistance the subject produced.

During a structured interview administered by an occupational health nurse, subjects
were asked to provide their LBP experienced on the day of the interview, and, retrospectively,
the peak pain experienced during the previous year. Medical visits, whether they be one or more,
related to LBP for the last year were also collected. Cases in this study were those who reported
LBP symptoms in the past year, and those who had a medical visit related to their LBP
symptoms in the past year. First time office visits (FTOVs) and follow-ups used a VAS to obtain
a rating of LBP. Non-cases did not have an imbalance that met the established imbalance criteria.
Data were collected by OMPs and occupational health nurses (OHNSs) that were blinded to the
ergonomic analyses. Similarly, doctors and nurses were also blinded regarding their respective
examinations.

5.3 Statistical Analysis

The evaluation of the data selected for analysis was completed using a 2x2 outcome

matrix, which was used to calculate sensitivity, specificity, positive predictive value (PPV), and

negative predictive value (NPV). Sensitivity divides true positives by the sum of true positives
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and false negatives and is the percentage of actual cases that were classified as cases (pain,
FTOV, etc.), in this case imbalance was the “test” to predict health status outcome. Specificity
divides true negatives by the sum of true negatives and false positives and is the percentage of
controls properly classified as controls (no pain, no FTOV, etc.). PPV is the probability that a
having an imbalance results in a health outcome (pain, FTOV, etc.). Whereas NPV is the
probability that a person without an imbalance will be a control (i.e., pain free).

Odds ratios were developed to show the relative risk associated with imbalance and pain.
Significant odds ratios had a confidence interval (CI) range that did not include one. Kappa
scores demonstrated reliability, with a score of one for perfect agreement, zero for random
chance agreement, and negative scores predicting an agreement worse than expected.

5.4 Results

Table 5.1 shows the outcome of seeking medical treatment due to imbalance. Table 5.2
shows average pain today was found to be significantly higher for cases with imbalance than
those without imbalance (16.1 and 8.7, respectively). Likewise, average worst pain in the last
year was also found to be significantly higher for those with imbalance than those without (39.6

and 26.2, respectively).
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Table 5.1: Imbalance - Pain Ratings and Medical Treatment Sought

Pain Today Pain in Pain in the Last Year
the Last
7 Days

Pain Rating 15/100 50/100 15/100 | 25/100 50/100 Continuous Seek Medical
Threshold Pain Treatment
Odds Ratio 2.0 2.7 2.1 2.1 2.1 1.7 3.1 1.8

95% CI (1.11, 3.56) (1.28, (1.1, (1.20, (1.23, (1.01, (1.66, 5.82) (0.99, 3.18)
5.82) 3.62) 3.54) 3.62) 3.00)

Kappa Value 0.06 0.08 0.06 0.05 0.05 0.04 0.11 0.05
Sensitivity 0.09 0.13 0.09 0.08 0.08 0.08 0.13 0.08
Specificity 0.95 0.95 0.96 0.96 0.96 0.95 0.95 0.95

PPV 0.32 0.16 0.38 0.52 0.52 0.45 0.27 0.32
NPV 0.81 0.93 0.78 0.66 0.66 0.68 0.89 0.79

Table 5.2: Imbalance (Case) versus No Imbalance (Controls) Pain Ratings

Case Average Pain Today | Average Worst Pain in the Last Year
Rating | P-Value Rating P-Value
Imbalance 16.1 0.04* 39.6 0.02*
No Imbalance 8.7 26.2

*Significant at the 0.05 level

Based on an overall assessment of the job for the 933 subjects who performed some type

of lifting, gender was significant in predicting the risk for LBP for jobs that require twisting

while lifting. In that study, the OSHA Checklist was used to estimate time lifting and twisting.

Females were found to be less likely to be performing lifting jobs with an odds ratio of 0.6 (CI

0.45-0.81). However, females that were lifting, were more likely than their male colleagues to

experience LBP. There are increased odds to develop LBP when performing lifting tasks.

While twisting, lifting, and twisting while lifting did not appear to be strongly related to

pain today (Table 5.3), there did appear to be some relationship to likelihood to seek medical

attention (Table 5.4). Data determined that 22.6% of subjects were recorded as having twisted
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for one hour or more/day, 46.7% of subjects lifted according to the OSHA checklist, 14.0% of

subjects twisted while lifting, and 20.8% of subjects performed one-handed lifting. Tables 5.3

and 5.4 show the association and risk associated with twisting, lifting, and combinations and

variations of these two. Twisting was not found to be a significant for the likelihood of

imbalance (Table 5.5).

Table 5.3: Twisting and Pain Today

Twist >= One hour/day Lift Twist While Lifting | One-Handed Lifting
Pain Rating Threshold 15/100 15/100 15/100 15/100
Odds Ratio 1.27 0.95 1.15 0.88
95% CI (0.88, 1.84) (0.69, 1.31) (0.73, 1.80) (0.59, 1.32)
Kappa Value 0.04 -0.01 0.02 -0.02
Sensitivity 0.26 0.46 0.15 0.19
Specificity 0.78 0.53 0.86 0.79
PPV 0.23 0.2 0.22 0.19
NPV 0.81 0.79 0.8 0.79
Table 5.4: Twisting and Seeking Medical Attention
Twisting Lifting Twisting While Lifting | One-Handed Lifting
Odds Ratio 1.37 1.5 1.53 1.38
95% CI (0.96, 1.95) | (1.10, 2.05) (1.01,2.31) (0.96, 1.98)
Kappa Value 0.06 0.07 0.06 0.06
Sensitivity 0.27 0.18 0.18 0.25
Specificity 0.79 0.87 0.87 0.8
PPV 0.27 0.29 0.29 0.27
NPV 0.79 0.79 0.79 0.79
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Table 5.5: Twisting and Likelihood of Imbalance

Odds Ratio 0.77
95% CI (0.38, 1.55)
Kappa Value -0.02
Sensitivity 0.19
Specificity 0.77
PPV 0.05
NPV 0.94

Following on the previous analysis and findings, more data were extracted from the
epidemiological study to further investigate and improve the preliminary findings. Personal
characteristics were factored in to adjust odds ratios and likelihood, such as gender, age, BMI,
exercise, additional pain data, lost work time, job difficulty, and additional data on seeking
medical attention.

Descriptive statistics were found for comparisons between imbalance and the factors
mentioned above (gender, age, BMI, exercise, additional pain data, lost work time, job difficulty,
and additional data on seeking medical attention) following the initial statistical analysis to
further investigate the occupational effect of physical imbalance. More males were found to have
imbalances than females of the total population studied (Table 5.6). However, the sample was
skewed heavily towards males (~75% of the study population) and proportionally, neither males
nor females were more likely to have an imbalance as measured in the study. The percent of

males and females were not found to be statistically significantly different from one another.
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Table 5.6: Descriptive Statistics, Comparison Between Imbalance and Gender

Imbalance Total Percent (%) With Imbalance
Gender Male 694 41 735 5.6%
Female 261 13 274 4.7%
Total 955 54 1009 5.5%

Most people with imbalances were in the age range of 45-60, accounting for 24 of the 56
subjects with imbalances (Table 5.7). The results of an ANOVA on imbalance and age were

found significant (p=0.00), (shown in Figures 5.1 — 5.2).

Table 5.7: Age Classifications of Subjects with Imbalances

Imbalance Total Percent (%) With Imbalance
No Yes
Age-Classification <25 53 2 55 3.6%
25-35 268 11 279 3.9%
35-45 259 12 271 4.4%
45 - 60 342 24 366 6.6%
>60 38 7 45 15.6%
Total 960 56 1016 5.5%
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Figure 5.1: Relationship to Imbalance with Age
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Figure 5.2: Age and Imbalance
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BMI did not appear to be associated with imbalance, as its ANOVA significance was
found (p=0.99). Overall, just under 10% of subjects exercised with 7.2% lifting weights. Table

5.8 describes the percentage of subjects who exercised with respect to imbalance.

Table 5.8: Descriptive Statistics, Comparison Between Imbalance and Any Exercise

Imbalance Total Percent (%) Participation
No Yes No Yes
Exercise No 835 48 883 95% 5%
Yes 88 6 94 94% 6%
Total 923 54 977 94% 6%

The results of ANOVA between imbalance and pain today out of 100 was significant at

p=0.00 (plotted in Figure 5.3).

Pain Today Without Diagnosis or Treatment and
Imbalance

18
16
14
12
10

Pain Today (0 to 100)

o N B O

Yes No

Groups: Imbalance Yes/No

Figure 5.3: Imbalance and Pain Today out of 100 Without Diagnosis or Treatment

108



Results of the ANOVA between imbalance and worst pain in the last year out of 100,

without diagnosis or treatment, was significant at p=0.01 (plotted in Figure 5.4).

Worst Pain in the Last Year out of 100

Without Diagnosis or Treatment
45

40
35
30
25
20
15
10

(6]

Worst Pain in the Last Year (0 to 100

Yes No
Groups: Imbalance Yes/No

Figure 5.4: Imbalance and Worst Pain in the Last Year out of 100

More than one-fourth of subjects with an imbalance were in continuous pain which was

significantly higher than the subjects without imbalance (26.8% vs. 10.5%, p=0.02) (Table 5.9).
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Table 5.9: Binary Log Regression (Odds Ratios) — Continuous Pain Versus Imbalance Crude

Odds Ratio
B SE. Wald df Sig. Exp 5% | 95%
Lower Upper
(B)
Step Imbalance 0.90 0.39 5.27 1 0.02* 2.450 1.14 5.27
12 (Yes/No)
Constant -0.83 0.12 48.10 1 0.00 0.437

a. Variable(s) entered on step 1: Imbalance (Yes/No)

*Significant at 0.05 level

Imbalanced people were less likely to seek medical attention through office visits but

were significantly more likely to experience lost work time (p=0.09) (Tables 5.10 — 5.11).

Table 5.10: Chi-Square Test Results for Imbalance and Seeking Medical Attention

Value df Asymptotic Exact Sig. (2- Exact Sig. (1-
Significance (2- sided) sided)
sided)
Pearson Chi-Square 0.85° 1 0.36
Continuity Correction® 0.55 1 0.46
Likelihood Ratio 0.80 1 0.37
Fisher’s Exact Test 0.23
Linear-by-Linear 0.85 1 0.36
Association
N of Valid Cases 1016

a. 0 cells (0.0%) have expected count less than 5. The minimum expected count is 9.48.
b. Computed only for a 2x2 table
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Table 5.11: Binary Log Regression (Odds Ratios) — Lost Work Time and Imbalance (Crude)

B S.E. Wald df Sig. Exp 95% Lower
(B) And Upper
Step Imbalance 0.68 0.40 2.85 1 0.09** 1.97 0.90 431
1? (Yes/No)
Constant -2.47 0.12 421.17 1 0.00 0.09

a. Variable(s) entered on step 1: Imbalance (Yes/No)

*Significant at 0.05 level

**Trending Towards Significance at 0.05 level

and lost work time becomes even more significant at p=0.04 (Table 5.12).

When adjusted for personal factors and job difficulty, the relationship between imbalance

Table 5.12: Binary Log Regression (Odds Ratios) — Lost Work Time and Imbalance (Crude)

(Adjusted for Personal Characteristics & Job Difficulty)

B S.E. Wald df Sig. Exp(B) 95% CI for EXP(B)
Lower Upper
Step 12 Gender -0.03 0.28 0.01 1 0.91 0.97 0.56 1.68
BMI-Classification 0.21 0.16 1.64 1 0.20 1.23 0.90 1.69
Age-Classification -0.11 0.12 0.78 1 0.38 0.90 0.71 1.14
ExpOp_Total 0.13 0.13 1.01 1 0.32 1.14 0.88 1.47
Imbalance (Yes/No) 0.84 0.41 4.18 1 0.04* 2.31 1.04 5.14
Constant -2.81 0.70 16.19 1 0.00 0.06

a. Variable(s) entered on step 1: Gender, BMI-Classification, Age-Classification, ExpOp_Total, Imbalance

(Yes/No)

*Significant at the 0.05 level
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5.5 Discussion

The number of imbalances did not appear to impact the likelihood or severity of pain and
the relatively small sample of subjects with multiple imbalances did not permit a statistical
analysis relating the number of imbalances to health outcomes. There were several variables that
appeared to be trending towards significance that may have been elucidated with a larger sample
size. Possible confounding variables were explored statistically. Not all imbalances were “equal”
with some demonstrating stronger apparent relationships than others. Imbalance was investigated
for each imbalance type independently and as a group.

It should be noted that the intent of the original study (automotive study) was not to
specifically study imbalances, but rather to consider many factors that could be related to
WMSDs. Therefore, only fairly significant or “obvious” imbalances were detected, and it is
unclear what percentage of subjects would have quantifiable imbalances had medical imaging
technology been employed such as in this dissertation. For example, rotational differences were
only observed 3 times and lateral deviation differences 13 times. Had the intent been to study
imbalances, perhaps more sophisticated measures would have been used. For example, in the Tai
Chi study, all subjects at baseline had paraspinal MIs greater than 10 percent. Likely, there is a
threshold above which negative health outcomes become more likely. In the automotive study,
only significant (apparent by simple exam and observation) differences were considered.

When considering individual imbalance types, lateral deviation difference and motor
imbalance appeared to be the strongest predictors. Using this definition (one or more types of
imbalance), 56 of the 1,016 subjects were considered to have an imbalance. Various imbalance
measures were considered independently and together. Many of the imbalance measures were

found to be effective by themselves (though the small “n” made it hard to reach statistical
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significance — odds ratios that bounded 1.0 There was no greater likelithood of imbalance
occurring in a man or woman, with an odds ratio of approximately 1.0. People with imbalances
had greater pain on the day of interview and suffered greater peak pain during the previous year
than did those without imbalances.

Also, clearly observable imbalances represented only 5.5% of the study population
(56/1,016). It should also be noted that subjects with imbalances were ~4 years older than those
without imbalances (45.5 years vs. 41.3 years, p=0.02). It can be determined that imbalances
increase or are more likely with older age groups.

Populations did not differ in their propensity to exercise. While imbalanced people did
not exercise frequently, nor did the non-imbalanced. In fact, they were slightly more likely to
participate in exercise and slightly less so in weight training. However, the percentage rates of
participation were very similar and were not statistically significantly different.

5.6 Conclusion

The underlying hypothesis that MI is associated with LBP outcomes was supported by
the study of automotive workers. Indeed, those with imbalances were more likely to have pain
and seek medical attention related to LBP. Specifically, imbalance related to differences in
left/right lateral flexion was found to be very predictive of LBP. The increase of age should
hypothetically increase risk of imbalance, and it was shown that age did increase risk of
imbalance. This is not surprising as the findings of previous studies have also associated age with
imbalance (Bansal et al, 2014; McDonald et al, 1995; Janda et al, 1996; Rupp et al, 1995; Roth et
al, 2006; Iwasaki et al; 2015).

The facilities studied in the automotive plants were union environments that gave priority

to workers with more seniority when assigning jobs. Therefore, there is a strong tendency for
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older workers to be performing easier jobs. Therefore, the MI concept analysis was improved by
the inclusion of factors to control for job difficulty, age, gender, and psychosocial factors to
determine the impact of these variables on LBP. These results that factor in personal
characteristics as covariates could potentially derive a new index derived from the MRI
quantitative data could be used to quantify imbalance in future studies like the automotive
epidemiological study.

It is possible that this new, highly quantitative measure could be more predictive of such
multisite, cascading effects to other body parts. For example, a relative risk matrix could be built
to demonstrate the impact of such factors as age and gender based on the assumption that the
lowest risk is to young males and the highest risk is to older females. Pain and discomfort in one
body part may also be related to pain and discomfort in another body part (Bandekar, 2021).

Future studies should investigate if imbalance is related to such multisite pain.
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Chapter 6

Conclusion

This work considers a new measure that has not been previously studied at Auburn or by
other researchers. In fact, many aspects have not been studied at al/ (no literature address
imbalances of core or lever arms). Further, this is the first Auburn OSE MRI study to consider
symptomatic patients and relates MRI findings to the pain of those subjects. All other studies
have had asymptomatic subjects. Previous Auburn MRI-related dissertations have specifically
recommended the study of symptomatic subjects as well as older subjects. This work is
responding to those recommendations for further study. This work studies a new population, one
that is often overlooked in studies: women over 50. This study also introduces a prospective
element to measure subjects after an intervention (exercise program). Previous work also studies
intervention, but was focused on the impact of weightlifting and primarily on changes in CSA
and MLALSs, not MI.

Concepts were validated (to the extent possible) against an existing ergonomic database
(as have several others). The MRI protocol (scan settings and use of supplemental coil) for
muscles collected is the same as used by others. This was done so that data can be aggregated
across studies at a later date and to allow larger sample sizes with broader subject characteristics.
Also, the reliability of measuring those muscles has been studied extensively, demonstrating that
the measurement protocols are robust and repeatable. This study also contributes to the aspect of

personalization by introducing new elements (MI) and new populations (older, symptomatic).
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LBP is one of the most expensive and common MSDs. Since most causes of LBP remain
unknown, studies have been conducted to explore whether MIs may be a possible contributor
and/or risk factor for LBP. To date, there is no published research that has quantified MI using
MRI-derived measurements of CSAs and MLALSs of both the paraspinal and core muscles
(psoas, erector spinae, quadratus lumborum, rectus abdominus, and oblique muscles). Other
studies have considered individual muscles and the paraspinal muscle group in the sagittal plane.
However, to our knowledge, there are none that have factored in the MLAL as part of the MI
evaluation nor have any quantified the entire torso musculature including all core muscles.
Further, we could find any studies that have compared anterior musculature to posterior
musculature to determine imbalances between the anterior and posterior hemispheres.

A novel quantitative index for imbalance was established and its relationship to pain was
explored. Imbalances were measured both laterally and anteriorly/posteriorly for all core and
paraspinal muscles individually, in muscle groups, and by hemisphere. In general, the MInew
(CSA * MLAL) was more significantly related to LBP than Mlcsa. This may be attributed to the
strength of the MLALSs correcting for imbalance directionally, particularly in the hemispheric
measurements. It can be assumed that CSA represents muscle force capability, and MLAL is the
relative mechanical advantage of muscles. Together, CSA and MLAL provide moment
generating capability.

Many ergonomic models used to predict LBP do not consider individual characteristics.
The lack of individualization in ergonomic models may present problems, specifically when
assessing an individual’s risk for LBP. This is particularly true if the individual deviates
significantly from the average or reference population. For example, women over 50 have not

been extensively studied. Models based on younger subjects or male subjects, may not accurately
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represent the population of older women. MRI derived measurements can be used to personalize
ergonomic and biomechanical models, such as MI. It is possible that MI could be factored into
future biomechanical models to more accurately assesses a specific subject’s lifting-related risk.

The mechanism behind paraspinal MI may be a symptom or a consequence of LBP, or
both a symptom and a consequence of LBP. This may create a vicious cycle of trauma to
muscles causing injury due to poor muscle control, leaving the muscles unable to heal after
exercise or stress, resulting in accelerated degeneration and subsequent pain.

Tai Chi exercise did appear to be associated with lower levels of MI and seemed to have
generally positive effects on subjects (decreases in MI, lower weight, lower BMI) in this pilot
study. However, the age difference in subject groups (i.e., the regular Tai Chi practitioners were
~10 years older than the other study groups) may have obfuscated the relationship between MI
and LBP. Future studies with larger sample sizes may help elucidate the relationship between MI
and LBP. In a study involving college students (Capanoglu, 2021), MI levels were significantly
lower (e.g., ~2%) for the younger subjects. This emphasizes the potential role of aging with
respect to MI. A larger study with a broader variety of exercisers and non-exercisers may shed
more light on whether exercise is effective in slowing or even improving levels of MI in
subjects.

MI is present in the occupational setting among workers, in addition to the general
population. Those with imbalances were more likely to have pain and seek medical attention
related to LBP based on the epidemiological study of automotive workers, and it was shown that
age was significantly associated with the likelihood of imbalance, with older workers

experiencing higher rates of MI. The MI analysis was refined with the inclusion of factors to
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control for job difficulty, age, gender, and psychosocial factors to determine the impact of these
variables on LBP.

Expanding on previous studies on trunk asymmetry, this novel MI index was evaluated at
each spinal level between L2-S1, rather than at a single level as in most studies. It was
determined from the current study that the L3/L4 level showed the most promise for use in
evaluating the association between MI and LBP. Future studies of MI should ensure this spinal
level is included in the analysis. Future studies should also investigate if imbalance is related to
multisite pain since, pain and discomfort in 1 body part may also be related to pain and
discomfort in other body parts (Bandekar, 2021).

It was difficult to establish a clear relationship between MI and LBP, but a repeatable,
highly quantitative measure (MInew) Was established that can be incorporated into future studies.
Subjects of both genders with more diverse age ranges, BMIs, and fitness levels should be
included in future studies. The subjects that were recruited for this study came from an exercise
environment, introducing a potential fundamental bias. In this study, the exercisers had greater
LBP, but they were recruited from a gym that also acted as a rehabilitation clinic. Many of these
women had established regular exercise routines.

A priori data should also be collected on handedness and participation in sports that are
inherently asymmetric such as racket sports, which may be found to contribute to lateral MlIs.
This would also facilitate analysis of side-specific MI related to such asymmetric activities. In
the future, these data should be aggregated with other MI datasets to better understand the impact

of gender, age, exercise, and other health conditions.
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Appendix 2

Effect of Tai Chi on Low Back and Trunk Muscular Imbalances Research Study

* Are you willing to participate in an MRI
study?
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* Are you a female?

* Are you 50 years of age or older?
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study:

Evaluating the Effect of Tai Chi on Muscular Imbalance in Females Aged Fifty and Over

The purpose of this study is to establish whether muscular imbalance is related to low back pain
(LBP). Previous research has demonstrated the positive benefits of performing Tai Chi exercises.
This research seeks to determine if performing Tai Chi exercises reduces these imbalances and if
these imbalances are indeed associated with low back pain.

There is no direct benefit to you for participating in the study. Participants will receive monetary
compensation for participating. Participants will receive $40.00 for Phase 1. Subjects
participating in Phase II will be compensated $4.00 per weekly survey and $40.00 for a second
MRI at the conclusion of the study. The Tai Chi Intervention group will be compensated $10.00
per class during the six (6) week intervention period.

This study is being conducted by the Industrial and Systems Engineering Department at Auburn
University. MRI images will be captured at the Auburn University MRI Research Center. Tai
Chi classes will be at Frank Brown Recreation Center.

Please contact Connor Lusk (cbl0020@auburn.edu - (334) 618-6294), or Dr. Richard Sesek
(sesek@auburn.edu - (334) 728-1438) for more information.

The Auburn University Institutional
Review Board has approved this
Document for use from

06/11/2019 to__06/10/2020
Protocol # 19-204 MR 1906
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Appendix 3

Intake Form
1. Are you currently practicing Tai Chi? yes no

If yes, please describe for how long (months/years) you have been
practicing?

If yes, how often do you perform Tai Chi in a typical week?

2. Have you had a hysterectomy? yes no
3. Have you had an oophorectomy? yes no
4. Do you smoke? yes no ex-smoker

If yes, how many packs per day?

If yes, how many packs have you smoked per year?

If ex-smoker, how many packs per day for how many years did you smoke
(e.g. 1 pack per day for 10 years)?

5. Have you been diagnosed with osteoporosis? yes no
6. Have you been diagnosed with heart attacks? yes no
If yes, to what extent has it had an effect on your daily life?

| 1
| i

0 10
(no effect) (completely debilitating)

(circle 0 if no effect)
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7. Have you been diagnosed with blood clots? yes no

If yes, to what extent has it had an effect on your daily life?

0 10
(no effect) (completely debilitating)

(circle O if no effect)
8. Have you been diagnosed with hypertension? yes no
If yes, to what extent has it had an effect on your daily life?

0 10
(no effect) (completely debilitating)

(circle 0 if no effect)

9. Have you been diagnosed with high cholesterol? yes no

If yes, to what extent has it had an effect on your daily life?

0 10
(no effect) (completely debilitating)

(circle 0 if no effect)
10.Have you been diagnosed with diabetes? yes no
If yes, to what extent has it had an effect on your daily life?

0 10
(no effect) (completely debilitating)

(circle O if no effect)
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11.Have you been diagnosed with obesity? yes no

If yes, to what extent has it had an effect on your daily life?

0 10
(no effect) (completely debilitating)

(circle 0 if no effect)
12.Have you been diagnosed with sciatica? yes no
If yes, to what extent has it had an effect on your daily life?

| |
1 I

0 10
(no effect) (completely debilitating)

(circle 0 if no effect)

13.Have you ever had children? yes no

If yes, how many children have you had?

14. Are you pre- or post-menopausal?

15.1n a typical week, this is how much | exercise (hours/ week).
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16.Please indicate on the scales below the level of pain or discomfort in each region
indicated.

zv_‘w-f - | Neck or Head ,

W J| Shoulder and Upper Arm l

“} o '“I Upper Back l

Distal Upper Extremities: Arms and Hands,
Elbow

- l Low Back |

ﬁ [ Hip and Buttocks |

R h | Thighs ]

l Knees [

- | Ankles and Feet ]

Neck or Head Pain Rating this past week (maximum discomfort experienced)

I I
0 10
(nothing at all) (worst imaginable)

(circle 0 if no discomfort)
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Shoulder and Upper Arm Pain Rating this past week (maximum discomfort
experienced)

0 10
(nothing at all) (worst imaginable)

(circle 0 if no discomfort)

Upper Back Pain Rating this past week (maximum discomfort experienced)

0 10
(nothing at all) (worst imaginable)

(circle 0 if no discomfort)
Distal Upper Extremities Pain Rating this past week (maximum discomfort experienced)

0 10
(nothing at all) (worst imaginable)

(circle 0 if no discomfort)

Low Back Pain Rating this past week (maximum discomfort experienced)

0 10
(nothing at all) (worst imaginable)

(circle 0 if no discomfort)
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Hip and Buttock Pain Rating this past week (maximum discomfort experienced)

| I

0 10
(nothing at all) (worst imaginable)

(circle 0 if no discomfort)
Thigh Pain Rating this past week (maximum discomfort experienced)

0 10
(nothing at all) (worst imaginable)

(circle 0 if no discomfort)

Knee Pain Rating this past week (maximum discomfort experienced)

E I
0 10
(nothing at all) (worst imaginable)
(circle 0 if no discomfort)

Ankles and Feet Pain Rating this past week (maximum discomfort experienced)

I |
0 10
(nothing at all) (worst imaginable)

(circle 0 if no discomfort)
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17.Please shade or use X’s to denote the parts of the back on the figures below that
you are experiencing pain.

Please indicate whether the pain is to the left, right or both sides of the body with
shading or X’s.

If the pain radiates down the leg, please draw an arrow down the leg in which
you are experiencing pain in.
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FATIOMAL ACADEMY CF SPORVE MEDICINE

Data Collection Sheet

NAME: DATE:

HEIGHT: in. WEIGHT: Ibs. AGE:_

_____ PHONE:

PHYSICIANS NAME:

PHYSICAL ACTIVITY READINESS QUESTIONNAIRE (PAR-Q)
Questions Yes No

1 | Has your doctor ever said that you have a heart condition and that you should

only perforin physical activity recommended by a doctor?

2 | Do you feel pain in your chest when you perform physical activity?

3 | In the past month, have you had chest pain when you were not performing any
physical activity?

4 | Do you lose your balance because of dizziness or do you ever lose
consciousness?

5 | Do you have a bone or joint problem that could be made worse by a change in
your physical activity?

6 | Is your doctor currently prescribing any medication for your blood pressure or
for a heart condition?

7 | Do you know of any other reason why you should not engage in physical
activity?

If you have answered “Yes” to one or more of the above questions, you are advised to consult your
physician or health care provider before engaging in physical activity. Seek advice from your physician
or health care provider on what type of activity is suitable for your current condition. If you have already
spoken to your healthcare provider regarding exercises that are suitable for your current condition,
please indicate here:

Subject Signature
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Appendix 4

28
y

|
AUBURN UNIVERSITY

MAGNETICRESONANCE
IMAGINGCENTER

(NOTE: DO NOT SIGN THIS DOCUMENT UNLESS AN IRB APPROVAL STAMP WITH
CURRENT DATES HAS BEEN APPLIED TO THIS DOCUMENT.)

INFORMED CONSENT
for a Research Study entitled
“Evaluating the Effect of Tai Chi on Muscular Imbalance in Females Aged Fifty and Over
Using Magnetic Resonance Imaging”

Concise Paragraph: You are being asked to take part in a research study. This research study is
voluntary, meaning you do not have to take part in it. The procedures, risks, and benefits are
fully described further in the consent form. The purpose of the study is to establish whether
muscular imbalance is related to Low back pain (LBP). Previous research has demonstrated the
positive benefits of performing Tai Chi exercises. This research seeks to determine if performing
Tai Chi exercises reduces these imbalances and if these imbalances are indeed associated with
LBP. There will be an initial visit to the MRI center for scanning for all subjects, lasting
approximately 30 minutes. There will be a total of two visits to the MRI center for scans for
subjects selected for Phase II, both lasting approximately 30 minutes each. Subjects selected for
Phase II Tai Chi intervention will take Tai Chi classes for 1 hour twice a week for 6 weeks after
baseline MRI scan. You will be asked to complete a survey with questions about your current
exercise habits and any discomfort you may have, particularly in your back. There are several
risks associated with MRI, including claustrophobia. There are no direct benefits to you for
participating in this study. The benefit to the researchers is to determine if muscular imbalances
are associated with LBP, and the effect of Tai Chi on muscular imbalance. The alternative is to
not participate in this study.

You are invited to participate in a research study that uses magnetic resonance imaging (MRI)
to obtain low back and trunk (core) muscle sizes. In addition to this, some subjects will be
invited to enroll in a Tai Chi intervention class. This information together will allow us to study
the potential of Tai Chi exercise techniques on core musculature imbalances. The study is
being conducted by Connor Lusk (Auburn University Ph.D student) under the direction of Dr.
Richard Sesek (the Tim Cook Associate Professor) Auburn University Department of Industrial
and Systems Engineering. You were selected as a possible participant because you are a
woman.
Please note that you can be considered for the study if you meet all of the following eligibility
requirements:

- Females 19 years of age or older

- Ambulatory with function of all limbs

- Have no medical implants that prevent MRI scanning

- Some subjects will already be practicing Tai Chi, and others will not be practicing Tai

Chi.
- If not already practicing Tai Chi, are willing to consider enrolling in a Tai Chi class

Page1of6 Participant’s initials
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Also please be aware that your de-identified data will be shared with the Edward Via School of
Osteopathic Medicine (VCOM). VCOM is partnering with Auburn University for this study.

What will be involved if you participate?

If you decide to participate in this research study, you will be asked a undergo magnetic
resonance imaging (MRI) scan. You will first be asked screening questions to make sure it is safe
for you to undergo an MRI scan. You will then be asked to lie on a bed that slides into the long
tube of the scanner. The scanner is a magnet with a small-enclosed space. Radio waves and
strong, changing magnetic fields are used to make images of your body. You will be given
earplugs and earphones to protect your ears since these changing magnetic fields cause loud
knocking, thumping, and pinging noises. You will be asked to remain very still at these times.
To help you keep your head perfectly still, we will put cushions around your head. Each scan
lasts about 10 minutes and will not exceed 30 minutes in the scanner. Each scan will obtain MRI
pictures of the low back and trunk muscles from the lumbar 2 to the lumbar 5 region of your
back. Your total time commitment will be approximately 30 minutes for the scan. You will also
be asked to complete a short questionnaire (~20 minutes). Total time for this portion of the
study should not exceed 1 hour. Please note that none of the scans done during this study are
appropriate for clinical interpretation. This means that they are not designed to assess any
medical condition you may have. They are not designed to reveal any clinically relevant
problems. Rather, they are intended solely for research purposes. The surveys will gather
information about your exercise habits, body discomfort, and overall wellness.

Incidental Findings: These procedures are carried out purely for experimental purposes. The
MRI scans that are acquired in this study are not the same as those acquired during a

clinical examination as requested by a Medical doctor. Therefore they are not useful to
investigate any abnormalities or medical condition you may have. Furthermore, the
investigators who will analyze these images are not medical doctors and are not trained to
evaluate these scans.

It is possible however that an abnormality may be noticed. If this happens, a brief diagnostic
scan will be performed and referred to a radiologist for reading. If you choose to provide the
name and contact information of your primary physician, the results of the scan will be
provided to them. If you no not have primary physician or do not provide contact information
for your primary care physician, the results will be provided to Dr. Fred Kam, M.D. at the
Auburn University Medical Clinic, who will discuss the results of the scan with you at your
expense. If you would like, you may list your primary care physician here:

Phase I will include 60 participants scanned at baseline: 30 practitioners and 30 non-
practitioners.

Page 2 0f 6 jier i ey Participant’s initials
o
Frotocos__TE2
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Phase IT will include 3 subsets of 10 each — 10 practitioners, randomly selected to continue into
Phase II, 10 from the non-practitioner group that are invited to and agree to participate in Tai
Chi (intervention), and 10 from the non-practitioner group that are asked to continue their
normal exercise routines (control).

Phase I: Baseline MRI and Survey

Thirty (30) subjects will be recruited from the community Tai Chi classes. Potential subjects will
be screened to ensure that they meet inclusion criteria. Subjects will be given a consent form in
person by Ms. Lusk before participation. The Tai Chi group subjects will practice Tai Chi
regularly for at least 2 days a week for 1 hour during the duration of the study through the
community classes at Frank Brown Recreation Center. Subjects will be administered a weekly
survey that includes self-reported low back pain as well as a log of their weekly exercise
activities.

Thirty (30) control group subjects will be recruited from church groups, community centers, and
by word of mouth. Potential subjects will be screened to ensure that they meet inclusion criteria.
Subjects must not be current practitioners of Tai Chi. Subjects will be given a consent form in
person by Ms. Lusk before participation. Subjects will be administered a weekly survey that
includes self-reported low back pain as well as a log of their weekly exercise activities.

Phase II: Prospective Study with Follow-Up MRI and Weekly Surveys

Phase IT will include 3 subsets of 10 each — 10 practitioners, randomly selected to continue into
Phase II, 10 from the non-practitioners that are invited to and agree to participate in Tai Chi,
and 10 from the non-practitioners that are not asked to do anything different. The current Tai
Chi practitioners will continue to do Tai Chi twice a week, and are not asked to do anything
additional than their current Tai Chi regimen. The first group of non-practitioners will continue
their normal routine, and are asked to continue their normal exercise routines (control). The
second group of non-Tai Chi practitioners will participate in a Tai Chi intervention. The Tai Chi
intervention will take place at the Frank Brown Recreation center. Participants will be the 10
subjects from the non-practitioners that are invited to and agree to participate in Tai Chi. The
Tai Chi intervention will be twice a week for one hour at a time. The intervention only consists
of the Tai Chi class under the supervision of the professional instructor.

Are there any risks or discomforts?
The risks associated with participating in this study are:

1. The most obvious personal risk from having an MRI is blunt trauma due to metallic objects
being brought into the magnetic field. As such, all necessary steps will be taken to make
sure neither you nor anyone else who enters the MRI scanner room is in possession of an
unrestrained metal object and no unauthorized person will be allowed to enter the MRI
scanner room.

2. Participants who have iron or steel implants or clips from surgery within their body or
metallic objects such as shrapnel or metal slivers in their body may be pulled by the magnet
and cause injury.

Page 3 of 6 oy ————— Participant’s initials

Review Board has spproved thiz
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The MRI machine produces an intermittent loud noise, which some people find annoying.

4. Some participants may feel uncomfortable being in an enclosed place (claustrophobia) and
others find it difficult to remain still.

5. Some people experience dizziness or a metallic taste in their mouth if they move their head

rapidly in the magnet.

Some people experience brief nausea when being put into or taken out of the scanner.

o

Although long-term risk of exposure to the magnet is not known, the possibility of any long
term risk is extremely low based on information accumulated over the past 30 years.

To minimize these risks, we will:

1. Have you fill out a screening form to determine if you have iron or steel implants, clips
from surgery, or other metallic objects in your body. If you have implants, clips, or objects
in your body, you will not be able to undergo an MRI scan.

2. Ask you to change into surgical scrubs supplied by the center and remove any watches,

rings, earrings, or other jewelry or metallic objects. You will be provided a private place to

change and you may retain your undergarments. You will be asked to remove your bra if it

has an underwire or metal fasteners.

Scan you with a handheld metal detector to detect any unknown metallic objects.

4. Provide you with either earplugs or a set of headphones specifically designed to work in
an MRI scanner.

5. Maintain visual and verbal contact with you during the scan and check with you
frequently to determine if you are having any negative feelings or sensations.

6. If some unknown risk becomes a safety issue, the research team will immediately stop the
scan and remove you from the scanner.

7. You can stop the scan at any time and be immediately removed from the scanner.

©»

Some participants will be asked to participate in Tai Chi exercise. Risk will be mitigated by
having a professional instructor teach the classes while watching the participants form,
technique, and pace. Participants have time to rest and recover between Tai Chi classes. Our

intervention is 2 classes/week. Subjects may do more on their own, but are not asked /required
to do so.

The physical activity of the Tai Chi exercise intervention may result in muscle soreness and
fatigue for some subjects, as with any exercise regimen. Tai Chi is low impact, and was
specifically chosen due to this, and has shown to have physical benefits. Participants in the
intervention group will be guided by a professional instructor. Other subjects are not asked to
do anything beyond their normal routines.

. The Auburn University Institutional o o . . .
Page4of 6 Review Board has approved this Participant’s initials
Document for use from —_—
2/25/2020 _to__6/10/2020
Protocol # __19-204 MR 1806
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Are there any benefits to yourself or others? If you participate in this study, you can expect to
receive no direct benefits. Your participation, however, provides the investigator with a greater
understanding of the effect of Tai Chi exercise on muscular imbalance throughout the
trunk/core musculature.

Will you receive compensation for participating?

Participants will receive $40.00 for Phase I (including MRI). Subjects participating in Phase II
will be compensated $4.00 per weekly survey and $40.00 for a second MRI at the conclusion of
the study. The Tai Chi Intervention group will be compensated $10.00 per class during the six
(6) week intervention period.

Are there any costs? If you decide to participate, you will not incur any costs. In the unlikely
event that you sustain an injury from participation in this study, the investigators have no
current plans to provide funds for any medical expenses or other costs you may incur.

If you change your mind about participating, you can withdraw at any time during the study.
Your participation is completely voluntary. If you choose not to participate after the pre-consent
procedure or if you are determined not to be eligible for the study after the pre-consent
procedure, then the initial pre-consent data will be destroyed. You may cease participation at
any time. You will receive prorated compensation for the percentage of the experiment you
complete. Your decision about whether or not to participate or to stop participating will not
jeopardize your future relations with Auburn University, the Samuel Ginn College of
Engineering, the Department of Industrial and Systems Engineering, or the Edward Via College
of Osteopathic Medicine.

Your privacy will be protected. Any information obtained in connection with this study will
remain confidential. Information obtained through your participation may be used to fulfill an
educational requirement, published in a professional journal and/or presented at a professional
meeting. Your personal information will be linked to the study data using a randomly-
generated code. It is possible, that we may contact you about participation in future studies.
However, if you do not wish to be contacted in the future, please indicate when signing this
consent form and we will delete all links between your personal identifying information and
your study data. The confidential link between your personal information and the study data
will be stored in a locked filing cabinet in the principal investigator’s office.

~ The Auburn University Institutional . . . ...
Page 5 of 6 Review Board has approved this Participant’s initials_____
Document for mse/;mm
to_

Protocol # __19-204 MR 1906
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Appendix 5

Data Collection Form

Date:

Subject Code:

Age:

Height:

Weight:

Time and date of Scan 1 (baseline Phase 1):

Time and date of Scan 2 (Phase Il only):

(Do NOT enter any names or other identifiers!)
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Appendix 6

Auburn University MRI Research Center
560 Devall Drive Suite 202
Auburn, AL 36849
Tel: (334) 844-6747  Fax: (334) 844-0214

MRI Pre-Entry Screening Form

This form to be used for: Screening of research subjects immediately prior to an MRI study (File completed form with Principal Investigator)

Instructions for completing this form available at http.//www.eng.auburn.edu/research/centers/mrifforms

AUMRIRC Use Only
Name
Last First mi Principal Investigator:
Address City IRB Protocol #
i Subject #
State Zip Code
Date/Time of MRl study __/__ /. .
Phone { ) ) [
Home Work Celt Subject Weight (Ibs)
Birthdate Email Address
Primary Physician (Optional):
Name Phone { )
1. OvYes CINo Have you had prior surgery or an operation (e.g., arthroscopy, endoscopy, etc.} of any kind? If yes, give date and type of surgery, and

indicate where on your body using the diagram.
Date:__/_/ Type of surgery:

Date:_ /_ /. Type of surgery:

Date:_/_ /. Type of surgery:

2. OvYes CONo Have you had any medical condition that prevented you completing an MRI exam in the past or had any related to a previous MR]
examination or procedure?
If yes, please describe:
3. OYes CONo Have you ever been injured by a metalic object or foreign body (e.g., BB, bullet, shrapnel, etc.)?
If yes, please describe:
WARNING: Certain implants, devices, or objects may be hazardous to you and/or may interfere with the
MR procedure (i.e., MRI, MR angiography, functional MRI, MR spectroscopy). Do not enter the MR system room
or MR environment if you have any question or concern regarding an implant, device, or object. Consult the AU MRI
Research Center staff BEFORE entering the MR system room. The MR system magnet is ALWAYS on.
4, Clves CINo Do you have a cardiac pacemaker or implanted cardioverter defibriltator (ICD)?
5. Oves CINo Is there a possibility of metal in your head {for example aneurysm clips, do not include dental work)?
If yes, please describe:
6. ClYes CINo Have you had an injury to the eye involving a metallic object or fragment {for example, metallic siivers, shavings, foreign body), or have you
ever needed an eyewash having worked with metals?
If yes, please describe:
7. OYes CONo Do you have an implanted medical device that is electrically, magnetically, or mechanically controlled or activated?
If yes, please describe:
8. OYes ONo Females Only: Are you pregnant or is there any possibility that you may be pregnant?
9. Oves OINo Do you have a breathing problem or motion disorder?
10. OvYes ONo Are you claustrophobic?
11, DOvYes ONo Do you have inner ear disorders or experience vertigo or dizziness?
12.  OvYes ONo Do you have tattoos or permanent makeup that contains metal?
13. OvYes ONo Do you have body piercing jewelry that cannot be removed?
MRI-3

155




WARNING: Certain implants, devices, or objects may be hazardous to you and/or may interfere with the

MR procedure (i.e., MRI, MR angiography, functional MRI, MR spectroscopy). Do not enter the MR system room

or MR environment if you have any question or concern regarding an implant, device, or object. Consult the AU MRI
Research Center staff BEFORE entering the MR system room. The MR system magnet is ALWAYS on.

R T ST MR
Please indicate if you have any of the following:
14. OvYes ONo Neurostimulation system
15. OYes ONo Spinal cord stimulator
16. Oves ONo Internal electrodes or wires
17. [Yes CONo Bone growth/bone fusion stimulator
18. [OYes [ONo Cochlear, otologic, or other ear implant
19. [OYes ONo Insulin or other infusion pump
20. DOvYes ONo Implanted drug infusion device
21, [OYes CNo Any type of prosthesis (eye, penile, etc.)
22, [vYes ONo Heart valve prosthesis
23, OYes ONo Eyelid spring or wire
24, [Oves ONo Artificial or prosthetic limb
25, [Yes [ONo Metallic stent, filter, or coil
26. [Yes ONo Shunt {spinal or intraventricular)
27. [Yes [No Vascular access port and/or catheter
28, Oves ONo Radiation seeds or implants
29. UYes ONo Swan-Ganz or thermodilution catheter
30. [Ovyes ONo Medication patch (Nicotine, Nitroglycerine)
31. DOvYes CINo Any metallic fragment or foreign body
32, OvYes ONo Wire mesh implant
33. DOvYes ONo Tissue expander (e.g., breast)
34, [OvYes ONo Surgical staples, clips, or metallic sutures
35.  [OvYes CINo Joint replacement (hip, knee, etc.)
36. [OvYes ONo Bone/joint pin, screw, nail, wire, plate, etc.
37. [Yes [INo 1UD, diaphragm, or pessary
38. [OvYes CINo Dentures or partial plates
39. [Yes ONo Tattoo or permanent makeup
40. [OvYes ONo Body piercing jewelry
41, [Oyes ONo Hearing aid
(Remove before entering MRI scanner room)
42,  OvYes ONo Other implant

Please mark on the figure(s) below the location of any
implant or metal inside of or on your body.

A IMPORTANT INSTRUCTIONS

Before entering the MR scanner room, you must remove all
metallic objects including hearing aids, dentures, partial
plates, keys, beeper, cell phone, eyeglasses, hair pins,
barrettes, jewelry, body piercing jewelry, watch, safety
pins, paperclips, money clip, credit cards, bank cards,
magnetic strip cards, coins, pens, pocket knife, nail clippers,
tools, clothing with metal fasteners, & clothing with
metallic threads.

Please consult the research staff if you have any question
or concern BEFORE you enter the MR scanner room.

NOTE: You may be advised or required to wear earplugs or other hearing protection during the MR procedure to prevent possible
problems or hazards related to acoustic noise.

| attest that the above information is correct to the best of my knowledge. | read and understand the contents of this form and had the opportunity
to ask questions regarding the information on this form and regarding the MR procedure that | am about to undergo.

This form is valid only on the day it is completed.

Signature of Person Completing Form:

Signature Date
Form Completed By: I Subject [ Relative
Print Name Relationship to Subject
Form Information Reviewed By:
Print Name Signature
Form Information Reviewed By:
Print Name Signature
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Appendix 7

Weekly Survey
SUBJECT IDENTIFICATION #: DATE:
WEIGHT:
For this past week, including today:

Please describe your current, regular exercise activities (please include Tai Chi) that go beyond
normal activities of daily life (such as walking to the store, work, church, etc.)

Tai Chi this past week: yes no  (if yes, please describe)
times per week
duration of exercise per session

Calisthenics/stretching (yoga, stretching, etc.) this past week: yes no  (if yes, please
describe)

times per week

duration of exercise per session

Weightlifting or resistance training this past week: yes no  (if yes, please describe)
times per week
duration of exercise per session

Aerobic/cardiovascular training (including running, exercise classes, martial arts, etc.): this past
week: yes mno  (if yes, please describe)

times per week

duration of exercise per session
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Discomfort

Visual Analog Scales

Low Back Pain Rating this past week (maximum discomfort experienced)

0 10
nothing at all worst imaginable
g

(circle 0 if no discomfort)

Leg/lower extremity this past week (maximum discomfort experienced)

| |
0 10

(nothing at all) (worst imaginable)

Neck/shoulder this past week (maximum discomfort experienced)

0 10
(nothing at all) (worst imaginable)
Wellness
With regard to my health, this past week, I felt overall.
| |
0 10
(terrible) (really great)
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Rest/Recovery

This past week, I slept an average of hours/night. The overall quality of my sleep was.
| |
0 10
(terrible) (really great)
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Appendix 8

Chapter 3 T-Test Results

Table 8.1 Mlcsa and Exerciser Status T-Test Results

Milcsa
P-Values
L2/L3 L3/L4 L4/L5 L5/S1
Erector Spinae 0.84 0.95 0.01* 0.16
Psoas 0.68 0.16 0.83 0.25
Oblique 0.72 0.80 0.35 0.78
Rectus Abdominus 0.48 0.29 0.26 0.40
Quadratus Lumborum 0.28 0.54 0.83 —t
Paraspinal Group 0.53 0.15 0.64 0.46
Core Group 0.79 0.87 0.25 0.52
Lateral (Left/Right) Hemisphere 0.73 0.23 0.15 0.49
+ QL does not extend to this level in most subjects and therefore was not used
*Correlation is significant at the 0.05 level
** Correlation is trending towards significance at the 0.05 level
Table 8.2: MInew and Exerciser Status T-Test Results
MINew
P-Values
L2/L3 L3/L4 L4/L5 L5/S1
Erector Spinae 0.38 0.12 0.57 0.67
Psoas 0.97 0.93 0.94 0.15
Oblique 0.57 0.96 0.42 0.56
Rectus Abdominus 0.85 0.09** 0.40 0.96
Quadratus Lumborum 0.50 0.79 0.87 -
Paraspinal Group 0.16 0.45 0.73 0.91
Core Group 0.43 0.92 0.56 0.58
Lateral (Left/Right) Hemisphere 0.69 0.88 0.72 0.43

+ QL does not extend to this level in most subjects and therefore was not used

*Correlation is significant at the 0.05 level

** Correlation is trending towards significance at the 0.05 level
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Table 8.3: Mlcsa and LBP T-Test Results

Mlcsa
P-Values
L2/L3 L3/L4 L4/L5 L5/S1
Erector Spinae 0.19 0.82 0.02* 0.30
Psoas 0.70 0.43 0.97 0.20
Oblique 0.30 0.53 0.63 0.31
Rectus Abdominus 0.45 0.21 0.66 0.52
Quadratus Lumborum 031 047 0.63 —t
Paraspinal Group 0.92 0.79 0.24 0.49
Core Group 0.53 0.72 0.49 0.12
Lateral (Left/Right) Hemisphere 0.51 0.68 0.85 0.13
+ QL does not extend to this level in most subjects and therefore was not used
*Correlation is significant at the 0.05 level
** Correlation is trending towards significance at the 0.05 level
Table 8.4: MInewand LBP T-Test Results
MINew
P-Values
L2/L3 L3/L4 L4/L5 L5/S1
Erector Spinae 0.05* 0.15 0.04* 0.41
Psoas 0.49 0.50 0.36 0.08+*
Oblique 0.13 0.38 0.86 0.47
Rectus Abdominus 0.95 0.74 0.37 0.70
Quadratus Lumborum 0.82 0.08%* 0.73 -t
Paraspinal Group 0.25 0.40 0.07** 0.00*
Core Group 0.11 0.23 0.94 0.27
Lateral (Left/Right) Hemisphere 0.21 0.14 0.55 0.03*

*Correlation is significant at the 0.05 level

** Correlation is trending towards significance at the 0.05 level

+ QL does not extend to this level in most subjects and therefore was not used
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Appendix 9

Chapter 4 ANOVA Baseline Results

Mlnew Comparison Between Tai Chi Practitioners, Non-Exercisers, Exercisers at Baseline

Descriptive Statistics

Mean | Std. Deviation

Non-Exerciser 19.48 11.76

MI New Erector Spinae Exerciser 16.24 9.89
L2/L3 Tai Chi 14.88 7.40

Total 16.46 9.29

Non-Exerciser 10.01 7.43

MI New Erector Spinae Exerciser 17.44 8.82
L3/L4 Tai Chi 23.40 19.96

Total 17.97 14.14

Non-Exerciser 16.15 14.13

MI New Erector Spinae Exerciser 12.33 7.72
L4/L5 Tai Chi 14.77 10.34

Total 14.02 9.97

Non-Exerciser 16.97 12.20

MI New Erector Spinae Exerciser 18.88 9.17
L5/S1 Tai Chi 18.69 7.90

Total 18.39 9.17
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Mean Std. Deviation

Non-Exerciser 24.03 8.85

MI New Psoas Exerciser 22.15 12.09
L2/L3 Tai Chi 25.51 18.88
Total 23.81 14.03

Non-Exerciser 15.56 7.47

MI New Psoas Exerciser 13.76 9.20
L3/L4 Tai Chi 18.79 15.21
Total 15.94 11.27

Non-Exerciser 12.14 7.73

MI New Psoas Exerciser 9.56 8.70
L4/L5 Tai Chi 16.06 14.26
Total 12.43 10.87

Non-Exerciser 9.55 6.15

MI New Psoas Exerciser 20.02 8.51
L5/S1 Tai Chi 16.04 19.11
Total 16.37 12.93

Mean | Std. Deviation

Non-Exerciser 12.45 8.21

MI New Oblique Exerciser 16.85 14.61
L2/L3 Tai Chi 14.32 11.30
Total 14.93 11.94

Non-Exerciser 11.42 4.89

MI New Oblique Exerciser 12.43 15.94
L3/L4 Tai Chi 10.87 9.56
Total 11.65 11.79

Non-Exerciser 9.77 10.75

MI New Oblique Exerciser 13.84 10.26
L4/L5 Tai Chi 16.01 18.10
Total 13.75 13.38

Non-Exerciser 20.96 14.42

MI New Oblique Exerciser 23.18 10.95
L5/S1 Tai Chi 26.70 16.46
Total 23.86 13.38
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Mean Std. Deviation

Non-Exerciser 29.27 19.19

MI New Rectus Abdominus Exerciser 38.52 17.55
L2/L3 Tai Chi 22.32 13.03

Total 30.46 17.36

Non-Exerciser 42.15 6.17

MI New Rectus Abdominus Exerciser 26.62 14.85
L3/L4 Tai Chi 35.21 16.19

Total 33.02 14.93

Non-Exerciser 27.29 13.09

MI New Rectus Abdominus Exerciser 20.61 16.77
L4/L5 Tai Chi 23.36 9.66

Total 23.02 13.57

Non-Exerciser 29.26 13.31

MI New Rectus Abdominus Exerciser 18.63 18.61
L5/S1 Tai Chi 42.13 20.77

Total 28.83 20.56

Mean | Std. Deviation

Non-Exerciser 23.47 20.38

MI New Quadratus Lumborum | Exerciser 28.17 17.81
L2/L3 Tai Chi 31.15 21.54

Total 28.23 19.26

Non-Exerciser 21.21 13.41

MI New Quadratus Lumborum | Exerciser 23.83 14.72
L3/L4 Tai Chi 14.50 7.96

Total 19.93 12.68

Non-Exerciser 28.14 17.46

MI New Quadratus Lumborum | Exerciser 20.97 24.72
L4/L5 Tai Chi 32.46 30.98

Total 26.61 25.55
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Mean | Std. Deviation
Non-Exerciser 20.02 11.20

MI New Paraspinal Muscle Exerciser 15.96 10.31
Group L2/L3 Tai Chi 10.42 8.40

Total 14.81 10.18

Non-Exerciser 10.94 8.58
MI New Paraspinal Muscle Exerciser 12.85 8.36
Group L3/L4 Tai Chi 18.33 17.41
Total 14.40 12.36

Non-Exerciser 10.96 5.03

MI New Paraspinal Muscle Exerciser 11.22 8.88
Group L4/L5 Tai Chi 13.65 9.91

Total 12.03 8.43

Non-Exerciser 14.39 11.17

MI New Paraspinal Muscle Exerciser 12.79 11.76
Group L5/S1 Tai Chi 15.19 7.64

Total 13.95 10.08

Mean | Std. Deviation

Non-Exerciser 11.26 6.72

MI New Core Muscle Group | Exerciser 16.97 14.03
L2/L3 Tai Chi 13.76 10.10

Total 14.51 11.18

Non-Exerciser 13.25 5.66

MI New Core Muscle Group | Exerciser 12.83 15.16
L3/L4 Tai Chi 12.56 10.64

Total 12.82 11.72

Non-Exerciser 11.50 9.30

MI New Core Muscle Group | Exerciser 13.94 9.00
L4/L5 Tai Chi 15.90 17.01

Total 14.12 12.17

Non-Exerciser 21.69 14.03

MI New Core Muscle Group | Exerciser 15.24 12.94
L5/S1 Tai Chi 21.41 17.45

Total 18.73 14.58
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Mean | Std. Deviation

Non-Exerciser 11.85 7.24

MI New Lateral Hemisphere | Exerciser 15.96 13.10
L2/L3 Tai Chi 11.53 9.63

Total 13.40 10.63

Non-Exerciser 12.59 6.35

MI New Lateral Hemisphere | Exerciser 12.55 11.52
L3/L4 Tai Chi 14.29 11.47

Total 13.18 10.30

Non-Exerciser 10.29 8.72

MI New Lateral Hemisphere | Exerciser 11.86 5.57
L4/L5 Tai Chi 11.97 13.88

Total 11.56 9.56

Non-Exerciser 10.28 4.49

MI New Lateral Hemisphere | Exerciser 12.16 10.92
L5/S1 Tai Chi 16.28 10.64

Total 13.11 9.74

ANOVA Results: Personal Characteristics, MIcsa, and MInew Comparison Between Tai Chi

Practitioners, Non-Exercisers, Exercisers at Baseline

Sum of Squares df Sl\c/f 1612?e F Sig.
LBP 2.398 2 1.199 0.193 0.826
Exercise 146.183 2 73.092 5.404 0.011
Age 905.031 2 452.515 11.477 0.000
Height 0.049 2 0.025 1.235 0.308
Weight 2011.435 2| 1005.717 4.316 0.025
BMI 215.582 2 107.791 3.422 0.049
Sum of Mean .
Squares df Square F Sig.
MI New Erector Spinae L.2/1.3 80.250 2 40.125 0.446 0.646
MI New Erector Spinae L.3/L4 678.403 2 339.201 1.797 0.186
MI New Erector Spinae L4/L5 66.936 2 33.468 0.320 0.729
MI New Erector Spinae L5/S1 15.861 2 7.931 0.088 0.916
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Sum of Mean .
Squares df Square F Sig.
MI New Psoas L2/L3 59.457 2 29.729 0.141 0.869
MI New Psoas L3/L4 139.618 2 69.809 0.530 0.595
MI New Psoas L4/L5 231.183 2 115.591 0.976 0.391
MI New Psoas L5/S1 439.987 2 219.994 1.351 0.278
Sum of Mean .
Squares df Square F Sig.
MI New Oblique L2/L3 80.970 2 40.485 0.268 0.767
MI New Oblique L3/L4 13.684 2 6.842 0.046 0.955
MI New Oblique L4/L5 146.401 2 73.201 0.391 0.681
MI New Oblique L5/S1 128.728 2 64.364 0.341 0.714
Sum of Mean )
Squares df Square F Sig.
MINew Rectus Abdominus 1387.103 2| 693.552 2580 | 0.097+**
L2/L3
MINew Rectus Abdominus 1039.999 2 519.999 2.612| 0.093%*
L3/L4
MI New Rectus Abdominus 180.254 2 90.127 0.470 0.630
L4/LS
MI New Rectus Abdominus 2842.539 2| 1421.269 4.185 0.028
L5/S1
Sum of Mean .
Squares df Square F Sig.
MI New Quadratus Lumborum 221.231 2| 110,615 0282 0757
L2/L3
MI New Quadratus Lumborum 486.784 2 243.392 1.579 0.226
L3/L4
MI New Q“"‘Ifgj‘{‘;s Lumborum 737.951 2 368.975 0.546 0.586
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Sum of Mean .
Squares df Square F Sig.
MI New Paraspinal Muscle
Group 369.618 184.809 1.909 0.170
L2/L3
MI New Paraspinal Muscle
Group 255.216 127.608 0.825 0.450
L3/L4
MI New Paraspinal Muscle
Group 40.960 20.480 0.273 0.764
L4/L5
MI New Paraspinal Muscle
Group 31.380 15.690 0.144 0.866
L5/S1
Sum of Mean .
Squares df Square F Sig.
MI New Core Muscle Group
L2/13 135.196 67.598 0.521 0.600
MI New Core Muscle Group
L3/L4 1.748 0.874 0.006 0.994
MINew Core Muscle Group 73.389 36.694 | 0234|  0.793
L4/L5
MINew Core Muscle Group 263.791 131.896 0.601 0.556
L5/S1
Sum of Mean .
Squares df Square F Sig.
MI New Lateral Hemisphere
L2/13 121.423 60.712 0.518 0.602
MI New Lateral Hemisphere
L3/L4 19.268 9.634 0.085 0.919
MI New Lateral Hemisphere
LA/LS 12.439 6.219 0.063 0.939
MI New Laiesrf‘sl lHemISphere 149.298 74.649 0.772 0.473
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Appendix 10

Chapter 4 ANOVA Results (MI Change from Intervention)

Mlnew Comparison Between:
Controls (Non-Exerciser)

Controls (Exerciser)

Exerciser (PLUS Tai Chi Practitioner)

Non-Exerciser (PLUS Tai Chi Practitioner)

Tai Chi Practitioner

Descriptive Statistics

MInew Change Group Mean Std. Deviation

Control No Exercise -11.78 17.43

Control Exercise 1.33 5.18

Change New Erector Spinae Exercise Plus Tai Chi 4.89 6.25
L2/L3 No Exercise Plus Tai Chi -13.54 13.49

Tai Chi 3.36 10.55

Total 0.37 11.45

Control No Exercise 495 1.03

Control Exercise 13.54 9.78

Change New Erector Spinae Exercise Plus Tai Chi 3.82 15.08
L3/L4 No Exercise Plus Tai Chi -11.73 14.42

Tai Chi 2.49 8.01

Total 3.34 11.41

Control No Exercise -12.29 24.78

Control Exercise -1.50 3.15

Change New Erector Spinae Exercise Plus Tai Chi -1.21 11.62
L4/L5 No Exercise Plus Tai Chi -0.48 7.91

Tai Chi -1.50 9.98

Total -2.63 11.79

Control No Exercise -18.08 11.24

Control Exercise 5.13 7.14

Change New Erector Spinae Exercise Plus Tai Chi -5.55 9.29
L5/S1 No Exercise Plus Tai Chi -4.99 2.02

Tai Chi -2.47 14.15

Total -4.49 12.18

169




Mean Std. Deviation

Control No Exercise -7.43 9.00

Control Exercise 7.30 16.65

Change New Psoas Exercise Plus Tai Chi -2.79 9.44
L2/L3 No Exercise Plus Tai Chi 7.36 2.11

Tai Chi 0.89 9.57

Total 0.15 10.36

Control No Exercise -6.17 1541

Control Exercise -0.30 14.02

Change New Psoas Exercise Plus Tai Chi -0.09 9.43
L3/L4 No Exercise Plus Tai Chi -2.49 2.78

Tai Chi -1.16 9.37

Total -1.46 9.76

Control No Exercise 4.93 4.97

Control Exercise 4.54 8.11

Change New Psoas Exercise Plus Tai Chi -5.18 6.83
L4/L5 No Exercise Plus Tai Chi 1.10 1.75

Tai Chi -1.62 7.63

Total -0.87 7.42

Control No Exercise 17.28 16.80

Control Exercise -7.07 15.99

Change New Psoas Exercise Plus Tai Chi -5.50 13.54
L5/S1 No Exercise Plus Tai Chi -0.17 1.10

Tai Chi -5.06 21.72

Total -2.35 18.03
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Mean Std. Deviation

Control No Exercise 9.27 11.95

Control Exercise -10.90 14.78

Change New Oblique Exercise Plus Tai Chi -4.06 13.87
L2/L3 No Exercise Plus Tai Chi 3.65 26.72

Tai Chi 8.15 14.83

Total 2.22 15.64

Control No Exercise -6.85 447

Control Exercise 3.08 7.88

Change New Oblique Exercise Plus Tai Chi -0.73 8.04
L3/L4 No Exercise Plus Tai Chi -5.33 1.33

Tai Chi 0.70 10.20

Total -0.80 8.44

Control No Exercise 0.28 16.42

Control Exercise -1.75 8.96

Change New Oblique Exercise Plus Tai Chi -7.29 15.13
L4/L5 No Exercise Plus Tai Chi -0.51 4.84

Tai Chi -1.24 20.92

Total -2.75 16.13

Control No Exercise 10.14 20.48

Control Exercise 21.49 27.32

Change New Oblique Exercise Plus Tai Chi 5.57 16.83
L5/S1 No Exercise Plus Tai Chi -6.43 9.36

Tai Chi -5.64 20.87

Total 2.59 20.60
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Mean

Std. Deviation

Control No Exercise 16.08 25.31

Control Exercise 1.29 3341

Change New Rectus Abdominus Exercise Plus Tai Chi 0.28 12.30
L2/L3 No Exercise Plus Tai Chi -3.71 1.90

Tai Chi 13.41 23.72

Total 7.23 21.20

Control No Exercise -10.87 11.45

Control Exercise 0.29 12.82

Change New Rectus Abdominus Exercise Plus Tai Chi -1.91 14.41
L3/L4 No Exercise Plus Tai Chi -17.61 15.95

Tai Chi -12.40 25.47

Total -8.17 19.14

Control No Exercise 10.10 12.57

Control Exercise -11.29 32.86

Change New Rectus Abdominus Exercise Plus Tai Chi 0.13 25.16
L4/L5 No Exercise Plus Tai Chi -18.89 22.40

Tai Chi -3.34 19.73

Total -2.95 21.96

Control No Exercise 6.04 17.80

Control Exercise 481 14.79

Change New Rectus Abdominus Exercise Plus Tai Chi -2.05 19.47
L5/S1 No Exercise Plus Tai Chi 3.04 15.67

Tai Chi -6.57 14.56

Total -1.66 15.93
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Mean Std. Deviation

Control No Exercise -2.40 31.05

Control Exercise 3.09 42.28

Change New Quadratus Lumborum | Exercise Plus Tai Chi 1.56 9.83
L2/L3 No Exercise Plus Tai Chi 9.83 36.85

Tai Chi -4.53 14.18

Total -0.50 20.11

Control No Exercise 1.72 15.08

Control Exercise -3.84 15.37

Change New Quadratus Lumborum | Exercise Plus Tai Chi 0.60 9.36
L3/L4 No Exercise Plus Tai Chi -6.77 3.25

Tai Chi -2.80 11.50

Total -1.75 10.80

Control No Exercise -19.45 29.28

Control Exercise -1.53 15.64

Change New Quadratus Lumborum | Exercise Plus Tai Chi -5.07 25.05
L4/L5 No Exercise Plus Tai Chi -0.49 4.47

Tai Chi -1.96 27.77

Total -4.76 23.91
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Mean Std. Deviation

Control No Exercise -11.71 12.39

Control Exercise 6.30 15.71

Change New Paraspinal Muscle Group | Exercise Plus Tai Chi 1.92 5.00
L2/L3 No Exercise Plus Tai Chi -7.30 17.48

Tai Chi 6.46 7.81

Total 1.89 10.79

Control No Exercise -1.80 6.10

Control Exercise 12.79 13.38

Change New Paraspinal Muscle Group | Exercise Plus Tai Chi 1.19 13.95
L3/L4 No Exercise Plus Tai Chi -10.95 10.38

Tai Chi 1.24 8.10

Total 1.28 11.23

Control No Exercise -5.55 11.53

Control Exercise 0.81 5.05

Change New Paraspinal Muscle Group | Exercise Plus Tai Chi -3.45 9.58
L4/L5 No Exercise Plus Tai Chi 0.03 3.78

Tai Chi -0.21 11.29

Total -1.62 9.45

Control No Exercise -5.83 18.12

Control Exercise 6.81 9.19

Change New Paraspinal Muscle Group | Exercise Plus Tai Chi 1.49 12.24
L5/S1 No Exercise Plus Tai Chi -5.48 441

Tai Chi -1.68 12.70

Total -0.57 12.13
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Mean Std. Deviation

Control No Exercise 9.78 15.46

Control Exercise -7.02 6.78

Change New Core Muscle Group Exercise Plus Tai Chi -5.09 13.82
L2/L3 No Exercise Plus Tai Chi 4.60 22.41

Tai Chi 8.19 14.45

Total 2.55 14.81

Control No Exercise -6.90 1.38

Control Exercise 3.12 12.54

Change New Core Muscle Group Exercise Plus Tai Chi -2.35 9.89
L3/L4 No Exercise Plus Tai Chi -8.02 0.25

Tai Chi -1.29 11.17

Total -2.27 9.69

Control No Exercise 1.77 13.78

Control Exercise -3.97 11.89

Change New Core Muscle Group Exercise Plus Tai Chi -6.20 14.00
L4/L5 No Exercise Plus Tai Chi -2.52 1.79

Tai Chi -1.73 19.53

Total -2.89 15.05

Control No Exercise 9.38 10.73

Control Exercise 16.43 18.33

Change New Core Muscle Group Exercise Plus Tai Chi 10.59 10.49
L5/S1 No Exercise Plus Tai Chi 0.13 7.16

Tai Chi -4.00 21.36

Total 4.47 17.37
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Controls (Non-Exerciser)

Controls (Exerciser)

Exerciser (PLUS Tai Chi Practitioner)

Non-Exerciser (PLUS Tai Chi Practitioner)

Tai Chi Practitioner

MINew

176

Mean Std. Deviation

Control No Exercise 4.08 9.17

Control Exercise -3.19 8.47

Change New Lateral Hemisphere Exercise Plus Tai Chi -2.74 10.30
L2/L3 No Exercise Plus Tai Chi 6.14 20.03

Tai Chi 9.14 12.44

Total 3.49 12.05

Control No Exercise -6.72 1.16

Control Exercise 5.64 12.44

Change New Lateral Hemisphere Exercise Plus Tai Chi -0.09 10.17
L3/L4 No Exercise Plus Tai Chi -9.59 2.02

Tai Chi -1.26 8.02

Total -1.43 8.89

Control No Exercise -0.13 12.39

Control Exercise -2.03 7.77

Change New Lateral Hemisphere Exercise Plus Tai Chi -3.83 7.73
L4/L5 No Exercise Plus Tai Chi 0.23 5.13

Tai Chi -0.67 13.23

Total -1.58 10.09

Control No Exercise 10.90 11.48

Control Exercise 2.99 9.05

Change New Lateral Hemisphere Exercise Plus Tai Chi -1.87 10.15
L5/S1 No Exercise Plus Tai Chi -3.36 5.66

Tai Chi -5.01 12.81

Total -1.13 11.55

ANOVA Results Between:




Sum of Squares df Mean Square F Sig.
LBP 19.461 4 4.865 1.973 0.132
TaiChi Hr/Week 19.275 4 4.819 3.613 0.020
Calisthenics Stretching Hr/Week 16.740 4 4.185 4.647 0.007
Weightlifting Hr/Week 1.820 4 0.455 0.613 0.657
Aerobic Cardio Hr/Week 69.284 4 17.321 3.671 0.019
Sum of Mean .
MlNew Squares df Square F Sig.
Change New Erector Spinae L2/L3 1064.934 4 266.234 2.560 | 0.070**
Change New Erector Spinae L.3/L4 782.813 4 195.703 1.670 0.196
Change New Erector Spinae L4/L5 319.724 4 79.931 0.530 0.715
Change New Erector Spinae L5/S1 880.602 4 220.151 1.644 0.203
Sum of Mean .
Squares df Square F Sig.
Change New Psoas [.2/L.3 495.711 4 123.928 1.192 0.345
Change New Psoas L.3/L4 86.865 4 21.716 0.198 0.937
Change New Psoas [L4/L5 332.404 4 83.101 1.682 0.194
Change New Psoas L5/S1 1375.722 4 343.931 1.071 0.397
Sum of Mean .
Squares df Square F Sig.
Change New Oblique L2/L3 1296.556 4 324.139 1.418 0.264
Change New Oblique L3/L4 218.680 4 54.670 0.734 0.580
Change New Oblique L4/L5 207.392 4 51.848 0.172 0.950
Change New Oblique L5/S1 2144.144 4 536.036 1.334 0.292
Sum of Mean .
Squares df Square F Sig.
Change New Rectus Abdominus 1300.307 4 325.077 0.685 0.611
L2/L3
Change New Rectus Abdominus 868.295 4 217.074 0.548 0.703
L3/L4
Change New Rectus Abdominus 1295.706 4 323.926 0.630 0.647
L4/L5
Change New éefst‘lls Abdominus 589.813 4 147.453 0.536 0.711
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Sum of Mean .
Squares df Square F Sig.
Change New Quadratus Lumborum 454.981 113.745 0.246 0.909
L2/L3
Change New Quadratus Lumborum 149.452 37.363 0.282 0.886
L3/L4
Change New Quadratus Lumborum 794.129 198.532 0.307 0.870
L4/L5
Sum of Mean .
Squares df Square F Sig.
Change New Paraspinal Muscle
Group 990.806 247.701 2.744 | 0.057**
L2/L3
Change New Paraspinal Muscle
Group 725.279 181.320 1.577 0.219
L3/L4
Change New Paraspinal Muscle
Group 112.959 28.240 0.278 0.888
L4/L5
Change New Paraspinal Muscle
Group 336.697 84.174 0.527 0.717
L5/S1
Sum of Mean .
Squares df Square F Sig.
Change New Core Muscle Group 1166.176 291.544 1.423 0.263
L2/L3
Change New Core Muscle Group 226.953 56.738 0.559 0.695
L3/L4
Change New Core Muscle Group 158.996 39.749 0.151 0.961
L4/L5
Change New Core Muscle Group 1518.734 379.684 1.327 0.294
L5/S1
Sum of df Mean F Sig.
Squares Square
Change New Lateral Hemisphere 740.698 185.174 1351 0.286
L2/L3
Change New Lateral Hemisphere 379 734 94.946 1253 0321
L3/L4
Change New Lateral Hemisphere 57950 14312 0.120 0.974
L4/L5
Change New ig’gﬁl Hemisphere 649.064 162.266 1.270 0.315
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Appendix 11
Chapter 4 ANOVA Results (In Intervention: Non-Tai Chi Practitioner and Tai Chi Practitioner)
Descriptive Statistics of MI Change (New)

In Intervention: Non-Tai Chi Practitioner and Tai Chi Practitioner

MI New Mean Std. Deviation
) No Tai Chi -5.23 13.56

Change Ne}:le/Eigctor Spinae Tai Chi 7 14 10.48
Total 0.37 11.45

) No Tai Chi 9.25 7.80

Change Neiv;/iizctor Spinae Tai Chi | 48 11.90
Total 3.34 11.41

) No Tai Chi -6.89 16.87

Change Neiv4l/51i§ctor Spinae Tai Chi 129 997
Total -2.63 11.79

) No Tai Chi -6.47 15.25

Change Ne\gsl/iér?ctor Spinae Tai Chi 387 11.46
Total -4.49 12.18

Mean Std. Deviation

No Tai Chi -0.06 14.43

Changigi‘;’ Psoas Tai Chi 0.21 9.23
Total 0.15 10.36

No Tai Chi -3.24 13.56

Changigi‘: Psoas Tai Chi 0.91 8.63
Total -1.46 9.76

No Tai Chi 4.74 6.02

Changigi‘;’ Psoas Tai Chi .64 7.04
Total -0.87 7.42

No Tai Chi 5.11 19.82

Changigg‘f Psoas Tai Chi 471 17.31
Total -2.35 18.03
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Mean Std. Deviation
) No Tai Chi -0.82 16.32
Changeg‘j&o"hq‘le Tai Chi 3.17 15.75
Total 2.22 15.64
) No Tai Chi -1.89 7.90
Changeg‘j{" 4Obhq“e Tai Chi -0.46 8.78
Total -0.80 8.44
) No Tai Chi -0.74 11.88
Changea‘j&o"hq‘le Tai Chi -3.39 17.49
Total -2.75 16.13
) No Tai Chi 15.82 22.47
Changeg‘jvs"l()bhq“e Tai Chi 1159 18.67
Total 2.59 20.60
Mean Std. Deviation
) No Tai Chi 8.69 27.72
Change New]lzc/thgs Abdominus Tai Chi 6.77 19.62
Total 7.23 21.20
) Tai Chi -5.2 12.47
Change New Rectus Abdominus NO. a1'C ! >.29
L3/L4 Tai Chi -9.08 21.02
Total -8.17 19.14
) Tai Chi -0. 25.15
Change New Rectus Abdominus NO. a1'C ! 0.60
LA/LS Tai Chi -3.70 21.56
Total -2.95 21.96
) No Tai Chi 5.42 14.65
Change New Iljse/cstllls Abdominus Tai Chi 389 16.02
Total -1.66 15.93
Mean Std. Deviation
No Tai Chi 0.35 33.31
Change New Q]iJZa/dIfgtus Lumborum Tai Chi 0.77 15.19
Total -0.50 20.11
No Tai Chi -1.06 13.95
Change New Qﬁl;/dljtus Lumborum Tai Chi 197 10.07
Total -1.75 10.80
No Tai Chi -10.49 23.17
Change New Q]llj/d]fgms Lumborum Tai Chi 505 2447
Total -4.76 2391
\ Mean \ Std. Deviation
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s Pt 180T
Total 1.89 10.79

Change New Par]itspinal Muscle Group I,;I;)i ]g;liiChi _(5)(5)2 iéég
3/L4 Total 1.28 11.23

Change New Palﬁzl;)inal Muscle Group I,;I;)i ]g;liiChi fg; ggg
> Total -1.62 9.45

Change New Paraspinal Muscle Group I,;I::i ]g;liiChi _83? 141‘28
L5/S1 Total -0.57 12.13

Mean Std. Deviation

Change New ](j;);rlej Muscle Group I,;I;)i ]g;liiChi ;gg i;‘gg

3 Total 2.55 14.81

Change New ](jore Muscle Group I,;I::i ]g;liiChi :;23 ggz
LA Total 227 9.69

Change New 52;551\4“5016 Group I;; gliiChi éig ié?z
Total -2.89 15.05

Change New gore Muscle Group I,;I;)i ]g;liiChi 1%2(1) ng
5/81 Total 4.47 17.37

Mean Std. Deviation

Change New I]:;‘;iral Hemisphere I,;I::i ]g;liiChi 222 1 ggg

3 Total 3.49 12.05

Change New Lateral Hemisphere I,;I::i ]gﬁiChi :(l)géll 122;
L3/L4 Total -1.43 8.89

Change New I]:Z‘;iral Hemisphere I,;I;)i ]g;liiChi :} 22 132;

> Total 7158 10.09

Change New Lateral Hemisphere I,;I;)i ]g;liiChi _gzg 18331;
L5/S1 Total -1.13 11.55
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ANOVA Results Non-Tai Chi Practitioner and Tai Chi Practitioner

MI (CSA and New)
Sum of Squares df Mean Square F Sig.
LBP 7.963 1 7.963 3.035| 0.093**
Tai Chi Hr/Week 18.600 1 18.600 15.424 0.001
Calisthenics Stretching Hr/Week 0.344 1 0.344 0.241 0.628
Weightlifting Hr/Week 0.551 1 0.551 0.782 0.385
Aerobic Cardio Hr/Week 1.103 1 1.103 0.162 0.690
Sum of Mean .
Mi New Change Squares df Square F Sig.
Change New Erector Spinae L2/L3 247.638 1 247.638 1.966 0.174
Change New Erector Spinae L.3/L4 274.872 1 274.872 2.217 0.150
Change New Erector Spinae L4/L5 143.302 1 143.302 1.033 0.320
Change New Erector Spinae L5/S1 30.865 1 30.865 0.201 0.658
Sum of Mean .
Squares df Square F Sig.
Change New Psoas [.2/L.3 0.350 1 0.350 0.003 0.956
Change New Psoas L3/L4 24.786 1 24.786 0.252 0.620
Change New Psoas [L4/L5 248.452 1 248.452 5.330 0.030
Change New Psoas L5/S1 439.245 1 439.245 1.373 0.253
Sum of Mean .
Squares df Square F Sig.
Change New Oblique L2/L3 72.647 1 72.647 0.288 0.596
Change New Oblique L3/L4 9.303 1 9.303 0.126 0.726
Change New Oblique L4/L5 32.144 1 32.144 0.119 0.733
Change New Oblique L5/S1 1381.296 1 1381.296 3.610 0.07**
Sum of Mean .
Squares df Square F Sig.
Change New Rectus Abdominus 16.761 1 16.761 0.036 0.852
L2/L3
Change New Rectus Abdominus 65.518 1 65.518 0.173 0.682
L3/L4
Change New Rectus Abdominus 43.859 1 43859 |  0.087|  0.770
L4/L5
Change New iefst‘lls Abdominus 395.839 1 395.839 1.599 0.219
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Sum of Mean .
Squares df Square F Sig.
Change New Quadratus Lumborum 5730 5730 0.014 0.908
L2/L3
Change New Quadratus Lumborum 3746 3746 0.031 0.862
L3/L4
Change New Quadratus Lumborum 259.460 259.460 0.443 0.512
L4/L5
Sum of Mean .
Squares df Square F Sig.
Change New Paraspinal Muscle
Group 166.395 166.395 1.455 0.240
L2/L3
Change New Paraspinal Muscle
Group 140.801 140.801 1.123 0.300
L3/L4
Change New Paraspinal Muscle
Group 4.499 4.499 0.048 0.828
L4/L5
Change New Paraspinal Muscle
Group 8.959 8.959 0.058 0.811
L5/S1
Sum of Mean .
Squares df Square F Sig.
Change New Core Muscle Group 10.832 10.832 0.047 0.830
L2/L3
Change New Core Muscle Group
L3/L4 1.148 1.148 0.012 0.915
Change New Core Muscle Group 25.401 25.401 0.108|  0.745
L4/L5
Change New E‘S’fg IM“SCIe Group 561.429 561.429 1.933 0.178
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Sum of Mean .
Squares df Square F Sig.
Change New Lateral Hemisphere 73.066 73.066 0.493 0.490
L2/L3
Change New Lateral Hemisphere
L3/L4 6.156 6.156 0.075 0.787
Change New Lateral Hemisphere
LA/LS 2.026 2.026 0.019 0.891
Change New ig’;‘gf‘l Hemisphere 514314 514314 4.398 0.047
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Appendix 12

Chapter 5 Statistical Analysis Results

Analysis Between Age and Imbalance

N Mean SD Std. 95% CI 95% CI Min Max
Error Lower Upper
No 955 41.31 10.83 0.35 40.62 42.00 20.3 70.90
Yes 56 45.48 12.26 1.64 42.19 48.76 24.0 67.00
Total 1011 41.54 10.95 0.34 40.87 42.22 20.3 70.90
Analysis of Variance (ANOVA) Between Age and Imbalance
Sum of Squares df Mean Square F Sig.
Between Groups 919.15 1 919.15 7.72 0.00*
Within Groups 120076.95 1009 119.01
Total 120996.09 1010
*Significant at the 0.05 level
Analysis Between Body Mass Index and Imbalance
N Mean SD Std. 95% CI 95% CI Min Max
Error Lower Upper
No 948 27.56 4.75 0.15 27.26 27.86 16.00 54.80
Yes 53 27.57 4.37 0.60 26.37 28.78 17.00 37.30
Total 1001 27.56 4.73 0.15 27.27 27.85 16.00 54.80
Analysis of Variance (ANOVA) Between Body Mass Index and Imbalance
Sum of Squares df Mean Square F Sig.
Between Groups 0.00 1 0.00 0.000 0.99
Within Groups 22385.48 999 22.41
Total 22385.49 1000
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Descriptive Statistics, Comparison Between Imbalance and Weightlifters

Imbalance Total
No Yes
Weightlifters No 857 50 907
Yes 66 4 70
Total 923 54 977

Analysis Between Imbalance and Pain Today out of 100 (Without Diagnosis or Treatment)

N Mean Std. Deviation Std. Error 95% 95% Min
CI CI
Lower | Upper Max
No 960 8.70 18.77 0.61 7.51 9.89 100.00 100.00
Yes 56 16.11 25.77 3.44 9.20 23.01 100.00 82.00
Total 1016 9.11 19.28 0.61 7.92 10.29 100.00 100.00

ANOVA Between Imbalance and Pain Today out of 100

Sum of Squares df Mean Square F Sig.
Between Groups 2905.58 1 2905.58 7.87 0.00*
Within Groups 374336.15 1014 369.17
Total 377241.73 1015
*Significant at the 0.05 level

Analysis Between Imbalance and Worst Pain in the Last Year out of 100 (Without Diagnosis or

Treatment)
N | Mean | Std Deviation | Std.Error | 95% CI 95%CI | Min | Max
Lower Upper
No 960 26.19 38.05 1.23 23.7797 28.60 0.00 100.00
Yes 56 39.57 41.11 5.49 28.5621 50.58 0.00 100.00
Total 1016 26.93 38.32 1.20 24.5678 29.29 0.00 100.00
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ANOVA Between Imbalance and Worst Pain in the Last Year out of 100(Without Diagnosis or

Treatment)
Sum of Squares df Mean Square F Sig.
Between Groups 9475.40 1 9475.40 6.486 0.01*
Within Groups 1481275.21 1014 1460.82
Total 1490750.61 1015

*Significant at the 0.05 level

Propensity to Seek Medical Attention for First Time Office Visit Versus Imbalance

Cases
Valid Missing Total
N Percent N Percent N Percent
Case/Control — Office 1016 100.0% 0 0.0% 1016 100.0%
Visits * Imbalance
(Yes/No)
Imbalance and Office Visits
Imbalance Total
No Yes

Case/Control — Office 0 800 44 844

Visits 1 160 12 172

Total 960 56 1016
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