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Abstract

One of the most prevalent forms of pain to be linked to stress is non-specific chronic low back
pain (nsCLBP). Existing studies have shown evidence of a link between stress and nsCLBP,
muscle tension induced dysfunctional biomechanics and nsCLBP, and stress and muscle tension.
However, little research has explored the interconnections among muscle tension, stress and
nsCLBP. The purpose of this study was to investigate the relationships between these variables.
Two age and sex matched subgroups (nsCLBP, and noPain) with 17 participants each (M = 8§, F=
9) were created from an overall participant group (n =39, M = 18, F =21, 23- 63 y). Iliopsoas
tightness was assessed by measuring hip extension angle (HE) with a goniometer on the left (HE
L) and right (HE R) side using the modified Thomas test. Heart rate variability was recorded in
laying supine position for 12-minutes. A 5-minute segment extracted for analysis of low
frequency power (LF; ms?), high frequency power (HF; ms?), LF/HF ratio and the inter-beat
intervals of normal N-N sinus beats (SDNN; ms). Cortisol concentration (CORT; nmol/L) was
measured using a passive drool sample taken within 2 hours of waking. Each participant was
measured for all variables in one session. Significant positive correlations were found between
HE and HF (r(37) = .36 - .43, p <.05) and HE and SDNN (»(37) = .27 - .41, p < .05). LF/HF
and CORT were negatively correlated to HE L (#(36) = -.36, p =.01). The nsCLBP group
measured significantly lower ranges of motion than the noPain group for both the left and right
side hip extension, with the largest difference in means of HE between groups found on the right
side (8.96° = 3.10, ¢ (32)=2.88, p =.003). There were no significant differences in CORT or
HRYV between the groups. The results demonstrate that iliopsoas tightness can negatively impact
physiological stress and vice versa. The findings also provide evidence that individuals with

nsCLBP have, on average, less range of motion in hip extension when compared to pain free



individuals. In addition, the correlation between muscle tension and stress is stronger among
individuals with nsCLBP than among pain-free individuals.
Keywords: psoas, back pain, stress, HRV, cortisol, muscle tension, hip flexor, hip extension,

Thomas test
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Chapter 1: Introduction

1.1 Background and Rationale

The idea that the sensorimotor response to stress is as important as the biological
response stems from pioneers in somatic education and therapy (Keleman, 1985;Hanna, 1988).
Psychological theories and treatments featuring muscle tension as a primary cause of
psychological pathology date back to the 1890s with the work of Freud and Janet (Atarodi &
Hosier, 2011). High incidence of stress, the increasing participation in mind-body practices for
stress relief, and the inclusion of trauma and stressor related disorders in the Fifth Edition of the
Diagnostic and Statistical Manual of Mental Disorders (DSM-V) (American Psychiatric
Association [APA], 2022), has incited the interest in the scientific community to investigate the
impact of stress on physical health.

Three of four Canadians report their lives as being moderately to highly stressful
(Crompton, 2011) and 25% of Canadians ages 18-64 rate their day-to-day stress as quite a bit or
extremely high (Statistics Canada, 2018). That equates to nearly 6 million Canadians living with
a stress-related increased allostatic load (Canada, 2019a; Seeman, 1997). The World Health
Organization (WHO) reports that 30% of deaths worldwide list stress as an underlying
determinant (“Cardiovascular diseases,” n.d.), of which heart disease is consistently on the list of
one of the top global killers (The Top 10 Causes of Death, n.d.). Gallo et al. (2014), found that
22% of individuals who experience CVD or stroke suffer from chronic stress. Stress may not be
the cause of the illness however it is linked to the critical outcomes (Nunan et al., 2010).

Perhaps due to its complex nature, stress has been defined in many ways in research and
investigators continue to struggle to find a consistent use of the term. A commonly used

definition follows the early work of Hans Seyle where stress is seen as “an internal or external,



psychological or physical challenge that threatens, or is perceived to threaten, biological
homeostasis” (Anderson et al., 2019). Even following this definition, measuring the overall load
of stress on health has proven to be a complex and difficult challenge for science.

Two valid non-invasive, objective, measurable stress indicators are Heart Rate Variability
(HRV) (Cysarz et al., 2015; H.-G. Kim et al., 2018; Shaffer & Ginsberg, 2017a), and salivary
cortisol concentration (Shirtcliff et al., 2015; Vining et al., 1983). Although these measures do
not differentiate the contribution of different types of stress - emotional, psychological or
physical, they are accepted physiological biomarkers for quantifying if the body is responding to
stress (Kim et al., 2018; Pulopulos et al., 2018). HRV represents the autonomic neural control of
the cardiovascular system, where a reduction in parasympathetic activity and an increase in
sympathetic activity reflects the system is under stress and results in a lower HRV (Shaffer &
Ginsberg, 2017a). While the entire epidemiological pathway of stress to pathogenesis is not
entirely clear, reduced HRV is a strong and independent predictor of adverse health prognoses,
including cardiac events (Nunan et al., 2010). The sympathetic nervous system (SNS) has a
variety of cardiovascular effects including increased heart rate (HR) and cardiac contractility,
increased breathing capacity (bronchodilation), increased peripheral vasoconstriction and
decreased venous capacitance (Vanitallie, 2002; Zhang & Anderson, 2014) . A system that is
under constant stress may become dysregulated, whereby the SNS is dominating control of
autonomic function. Although a higher HRV is not always indicative of better health as some
pathologies can inflate HRV, optimal HRV reflects a system that is able to rapidly cope to the
uncertain and constantly changing environment required to maintain homeostasis.

A higher concentration of salivary cortisol in individuals indicates a stress response state,

when compared to those with lower levels (Lightman, 2008). During periods of stress, the



adrenal glands are stimulated to release the hormone cortisol, a glucocorticoid, which helps to
mobilize glucose in response to higher metabolic demands (Herman, 2022). This secretion is
regulated by the neuroendocrine system through a complex feedback loop, called the
hypothalamo-pituitary-adrenocortical (HPA) axis (Tsigos & Chrousos, 2002).

The dysregulation of the autonomic nervous system and increased cortisol secretion
brought on by stress relates it to a myriad of physical diseases, physiological ailments and mental
health conditions. This includes cardiovascular disease (CVD) (Cohen et al., 2007a, 2019; Gallo
et al., 2014), Type II Diabetes (Joseph & Golden, 2017; Mebazaa et al., 2013), and depression
(Cohen et al., 2007a; Joseph & Golden, 2017). Stress has also been indicated as a risk factor for
some mental illnesses which have been found to have a co-occurrence with Non-specific Low
Back Pain (nsLBP) (Linton, 2000; Loncar et al., 2013; Stubbs et al., 2016a). The direct
relationship between stress and nsLBP, however, has not been thoroughly investigated.

Cauwenbergs (2020), suggests the health of the spine has in impact on visceral function
and somatic sensation, which in turn influence regulatory activity in the autonomic nervous
system. This is evident in the measured correlations between stress and Low Back Pain (LBP)
(Dunn et al., 2009; Loncar et al., 2013). LBP ranks among the top causes of disability globally,
of which 90% is classified as non-specific (nsLBP), meaning it has no diagnostic cause
(Hartvigsen et al., 2018; Hoy et al., 2010, 2012; Vos et al., 2017), and 23% of which is chronic
(nsCLBP) (Balagué¢ et al., 2012). The limited pathological understanding of nsLBP makes it
difficult to treat with traditional medical interventions (Hartvigsen et al., 2018; Koes et al., 2006)
and The North American Spine Society’s Evidence Based Clinical Guideline for the Diagnosis
and Treatment of Low Back Pain presents conflicting information on effective treatment

protocols (Kreiner et al., 2020).



Muscle tension as a contributor to pain is a basic precept in pain research, and nsCLBP
may be related to chronic muscle tension more than other forms of back pain (Ishihara, 2009). It
is perhaps this relationship between nsCLBP and tension that directs the use of nonsteroidal anti-
inflammatory drugs (NSAIDs) and exercise as treatment for nsCLBP in primary health care
(Oliveira et al., 2018), and in the allied health fields, the use of alternative forms of body therapy,
manipulation, acupuncture and traction (Koes et al., 2006; Scaer, 2014). Unfortunately, the
evidence supporting these common treatments lack long-term clinical relevancy (Koes et al.,
2006).

Ishihara (2009) suggested a causal relationship between muscle tension and LBP and
postulated muscle tension as a contributing variable in the relationship between lower back
imaging abnormalities and pain. Studies that support this idea have relied heavily on
measurements of tension in the posterior chain of the body by using combined trunk and hip
flexion range of motion (Reiman & Matheson, 2013), or other biomechanical deficits such as
trunk muscle strength (Reyes-Ferrada et al., 2021). Tightness in the hamstrings and the
associated decreased hip flexion range of motion is a well-documented contributor to low back
pain (Fasuyi et al., 2017) however, tightness in the hip flexors and associated decreased hip
extension seems to have been nearly overlooked in much of the research.

Decreased hip flexor length was reported as a predictor for nsCLBP in elite golfers by
Evans et al. (2005) and limited passive hip extension was measured in subjects with nsLBP by
Roach et al. (2015). Stiffness, or tension in the hip flexors limit range of motion available in hip
extension movements. The iliopsoas (IP) complex has been shown to be the main source of hip
flexor tensile force across all degrees of forward straight sagittal movement (Jiroumaru et al.,

2014). The IP refers to the combined structure of the Iliacus (IL) muscle and Psoas Major (PM)



muscle. These two muscles merge to form a common tendon and insertion on the femur.
Although the IP complex is often referred to in the literature as a single structure, IL and PM
differ in their anatomy and neural innervation (Andersson et al., 2007; Sajko & Stuber, 2009a).
The PM muscle has direct attachments to the lumbar spine vertebrae, which enable it to exert
direct mechanical force on the lower back, the only hip flexor positioned to do so. Excessive
tension, hypertonicity or stiffness in PM, can contribute to excessive anterior pelvic tilt (Evans et
al., 2005), decreased range of motion in hip extension (Roach et al., 2015), and increased
compressive forces on lumbar intervertebral discs (Bogduk et al., 1992), all of which have been
observed in individuals with nsCLBP. In addition, individuals with nsCLBP have a higher
prevalence of pain-eliciting trigger points in the IP complex and PM muscle (Andersen et al.,
2012; Arbanas et al., 2013; Iglesias-Gonzalez et al., 2013).

The PM muscle is referred to as the “stress muscle” in some mind-body disciplines
(Koch, 2012; Morling, 2014; Staugaard-Jones, 2018). Koch (2012), highlights the PM muscle as
the most significant muscle recruited during the fear cascade response. The defense, or fear
cascade sequence outlines the progressive motor response sequence to a threat, from arousal to
tonic immobility and, if the threat continues, eventual postural collapse (Kozlowska et al., 2015).
In Koch’s model, the body action response to fear or trauma involves rolling the midline of the
body into a fetal curl and recruiting the IP to produce hip flexion. The constant repetition of this
pattern, as would take place under repetitive fear or chronic psychological stress, interferes with
the PM muscle’s normal functional contribution as a spinal stabilizer and leads to chronic
shortened tension in the PM muscle in the direction of hip flexion. This concept of chronic

muscle tension being created as a result of psychological stress is also supported by research in



Somatic Experiencing (Payne et al., 2015; Payne & Crane-Godreau, 2015) and is the basis of
somatic movement therapy (Hanna, 1988).

In a study involving refugees, Grasser et al. (2019), reported success in using body-
centered treatments to decrease psychological stress symptoms. This study supports the premise
that working with the body can assist with ailments that are categorized as mental health. Mind-
centered or “psychological” disorders as classified by western medicine are slowly being shown
to be symbiotic with the body and that moving the body acts as a method of both stress and
trauma release (Grasser et al., 2019;Tekur et al., 2012). Most research, however, has been
performed in those with Post Traumatic Stress Disorder (PTSD) and other clinical populations in
need of therapeutic support, not as a preventative approach with the general population.

Considering the relationships outlined above between stress and muscle tension, muscle
tension and pain, and pain and stress, it is possible that tension specifically in the PM muscle is
an overlooked factor in the relationship between stress and nsCLBP. The current study explores
the relationships among physiological markers for stress, passive hip extension angle as a
measure of tightness in PM, and the presence of nsCLBP. The PM muscle is brought into focus
as it is the single muscle in the human body anatomically positioned to have simultaneous effects
on hip extension mobility, breathing biomechanics, and vertebral alignment (Cai et al., 2013;
Neumann, 2010), in addition to the spotlight it has been given in mind-body disciplines as the
stress muscle (Koch, 2012; Morling, 2014; Staugaard-Jones, 2018).

1.2 Purpose

Medical practitioners often treat mental health issues, which can be triggered by stress

and musculoskeletal pain, as distinct symptoms (Oliveira et al., 2018; Stubbs et al., 2016a).

Recently, mental health treatments that include therapies involving muscle and fascial tissue



have been suggested by Siccardi et al. (2021), but are not yet included in standard practice.
Further understanding of common mechanisms behind the recorded co-occurrences of stress
disorders and nsCLBP may help to inform the development of effective interdisciplinary
protocols aimed to treat these conditions together. To the best knowledge of the author, there are
no studies that have measured interrelationships of stress, PM tightness and low back pain. The
aim of the current study is to begin to fill this gap in the research.

1.3 Research Questions & Hypotheses

1. What is the relationship between iliopsoas tightness (IPt) as measured by hip extension
angle (HE), and physiological stress as measured by Heart Rate Variability (HRV) in
an adult population?

Hi: There is a positive relationship between hip extension range of motion (HE) and
HRYV in an adult population that indicates lower HE, greater tightness in the iliopsoas
with measures of HRV that indicate a higher stress response.

2. What is the relationship between iliopsoas tightness (IPt) as measure by hip extension
angle (HE), and physiological stress as measured by morning cortisol levels (CORT),
in an adult population?

Ha. There is a significant negative relationship between iliopsoas tightness as
measured by hip extension range of motion and morning cortisol, in that on average,
lower CORT is correlated with greater HE.

3. Is there a significant difference in iliopsoas tightness as measured by hip extension
(HE) between adults who report incidence of Non-Specific Chronic Low Back Pain

(nsCLBP) and those who do not?
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Hs: There is a significant difference in hip extension range of motion in individuals
with back pain vs individuals without low back pain, in that individuals with nsCLBP
measure lower hip extension angles.
Operational Definitions
1. Heart Rate Variability (HRV):
The variation in time between heart beats, measured in the R-R interval, which reflects
the autonomic nervous system control of the cardiovascular system.
2. Non-specific Chronic Lower Back Pain (nsCLBP):
Self-reported pain in the lumbar region of the back that has been persistent for longer
than an 8-week period, within the previous 12 months and does not have a known cause
or medical pathology.
3. Iliopsoas Tightness (IPt):
A restriction in lengthening the Psoas Major (PM) muscle or Iliopsoas (IP) complex
caused by neurological tonicity, muscle tension, fascial or tendon stiffness, or short
muscle fibre length, measured in degrees of passive hip extension by the Modified
Thomas Test.
4. Stress:
An internal or external psychological, physical or emotional challenge that threatens or is
perceived to threaten biological homeostasis, quantified by HRV and cortisol.
5. Pain:
The unpleasant sensory experience of discomfort in the body brought on by

psychological or physical mechanisms.



6. Perceived Stress:

The self-rated score from an individual on current daily stress level on a scale from 1-9.

1.5  Assumptions

1.

2.

All participants followed the pre-measurement guidelines.

The sample is representative of the general population.

None of the study participants had a stress-related disorder diagnosed by a medical
practitioner.

Study participants who reported experiencing nsCLBP, did not have a disorder that

would contribute to lower back pain.

1.6 Limitations

Volunteers for the study were accepted as participants based on the inclusion criteria.

Measurements were taken during a 6-week window, in the mornings in order to collect the most

accurate measurement for morning cortisol levels. Availability of volunteer participants during

the limited time duration and early mornings may have influenced the results to emphasize those

who prefer early-morning waking.

The Modified Thomas Test is the most reliable, non-invasive, test for hip extension range

of motion available to the research and in this study is being used to measure IP tightness.

Joint structure characteristics may also contribute to hip extension range of motion,

therefore any limitation measured in hip extension cannot be solely due to PM or IP tightness.

There are many factors that influence stress which are not accounted for in this study.

Thus, any results relating to stress cannot solely be accounted for by measures of muscle tension

or the presence of nsCLBP.



10

1.7  Delimitations

Participants were only measured on one occasion, which may not be adequate to measure
long-term relationships between variables.

As no specific physical activity level or sedentary status was included in selection
criteria, results may differ with an active or athlete population.

The Modified Thomas Test does not take into consideration fascial restrictions in
adjacent tissues that may also limit passive hip extension. Participants who were unable to
perform the Modified Thomas Test due to severe back pain, were not able to be included in the
sample. Any conclusion regarding PM or IP tension as measured by passive hip extension using
the Modified Thomas Test cannot be generalized to muscle tension in other muscles or the whole
body.

Stress in this study was measured at only one single point in time, which means the
measure is for that point in time only and cannot infer the measure would be the same on any

other day.
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Chapter 2: Literature Review

Stress is a normal part of life. How the human body responds to and recovers from stress
is vital to survival, optimal physiological functioning and mental well-being. Although the
precise, complete mechanistic pathways remain unclear, and whether psychological, emotional
or physical, stress is listed a risk factor for a myriad of physical diseases, physiological ailments,
musculoskeletal pain and mental health conditions. Stress has been suggested as a significant
predictor of and risk factor for non-specific chronic low back pain (nsCLBP) (Fatoye et al.,
2019; Kim et al., 2006; Linton, 2000), an ailment that ranks among the top causes of disability
globally (Hoy et al., 2010, 2012; Vos et al., 2017). The direct relationship between nsCLBP and
stress has not been heavily investigated, however, research findings have identified pain as a
stressor, (Ganesan et al., 2017; Hallman & Lyskov, 2012) suggesting nsCLBP itself may
increase the stress response, in addition to the stress response exacerbating the pain, thus
perpetuating a pain-stress cycle (Boersma et al., 2012; Hannibal & Bishop, 2014). In research
involving temporomandibular jaw disorder (TMJD), Glaros et al. (2016), classified muscle
tension as a mediator in the bidirectional relationship between distress and TMJD pain. The
current study is aimed at exploring the stress-pain-tension relationship by examining nsCLBP
and hip flexor tightness rather than TMJD pain and jaw muscle tension. When considering
nsCLBP, the biomechanical implications of improper force distribution along the vertebral
column and pelvis must also be considered. Excessive tension, hypertonicity or stiffness in one
of the primary hip flexors, the psoas major (PM) muscle, contributes to excessive anterior pelvic
tilt (Evans et al., 2005), decreased range of motion in hip extension (Roach et al., 2015), and
increased compressive forces on lumbar intervertebral discs; all of which have been observed in

individuals with nsCLBP.
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The following review of literature is presented to outline the background and summarize
the current scientific understandings of stress, pain and muscle tension. In addition, historical
research relevant to the relationships among them is presented. The physiology applicable to the
use of Heart Rate Variability (HRV) and salivary cortisol (CORT) as biomarkers of stress and
the functional anatomy of the Iliopsoas (IP) complex and Psoas Major muscle (PM) and its role
in hip extension range of motion (HE) are explained. The reliability of using the Modified
Thomas Test (MTT), as a means of measuring tightness in the PM muscle is also discussed.

2.1 The Stress Response and Implications for Health

Maintenance of homeostasis in the human body is reliant on a complex physiological
system that responds to stressors appropriately and readily recovers to baseline “no threat”
functioning upon removal of the stressor. The immediate activation of the sympathetic nervous
system (SNS) upon perception of a threat, begins a sequence of events preparing the body for
“fight or flight”. This physiological cascade, including increased heart rate, blood pressure and
respiration rate, along with the secretion of adrenaline hormones and cortisol, is beneficial for
survival in the short term. However, a system that is repetitively or chronically overloaded with
stress or does not have the capacity to handle the stress response due to other health or lifestyle
factors, may suffer negative physical or mental health consequences. Those negative
consequences not only have an economic impact, but they can also sometimes be fatal.

Stress is a risk factor for cardiovascular disease (CVD) (Heart and Stroke Foundation,
2022.) (Cohen et al., 2007b). In Canada, CVD constitutes 33% of deaths and an estimated $22
billion in direct annual health care costs each decade (Cardiovascular Disease - Economic
Burden of Illness - Canada.ca, n.d.; Tarride et al., 2009). Stress also contributes to Type II

Diabetes which has a prevalence of 8.1% in Canada (Diabetes in Canada - Canada.ca, n.d.). The
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projected cost to health care in a 10-year period is over $15 billion, and climbing each year
(Bilandzic & Rosella, 2017).

Stress may limit a person’s ability to work, contributing to the increasing annual average
of 12 lost workdays per worker per year in Canada (Statistics Canada, 2019). Although days lost
specifically related to stress are not explicitly reported, an estimated 500,000 Canadians are away
from work each week due to declined mental health caused by stress (Statistics Canada, 2004).
In 2023 wages, that is an estimated $1.6 billion in direct costs to Canadian employers (Statistics
Canada., 2021). This number does not include employee replacement costs or disability benefits,
and these financial impacts of lost workdays is rising every year (Statistics Canada, 2004).
Figure 1

Effector Systems of the Stress Response
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Note. From The Corticotropin-Releasing Factor Family: Physiology of the Stress Response, Deussing & Chen, 2018,

Physiological Reviews, 98. Copyright 2018 by the American Physiological Society. Reprinted with permission.
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Activated when met with a real or perceived threat, the human stress response is a
complex system of neural inputs from the central nervous system (CNS) and systemic feedback,
which lead to a variety of physiological responses in the body. This is achieved through
interconnected autoregulatory mechanisms of the sympathetic nervous system (SNS),
sympathetic-adrenomedullary (SAM) system and the hypothalamic-pituitary-adrenocortical
(HPA) axis (Tsigos et al., 2020; Vanitallie, 2002). There is a consequential release of
norepinephrine, epinephrine and cortisol (Deussing & Chen, 2018; Lightman, 2008; Russell &
Lightman, 2019). Duessing & Chen (2018), provide a simplified diagram of this process (Figure
1).

2.1.1 Cardiovascular Effects

The activation of the SNS and SAM and the resultant release of epinephrine (adrenaline)
and norepinephrine (noradrenaline) have a direct effect on the cardiovascular system. The
contraction of the heart itself is moderated by both SNS and parasympathetic (PSNS) input to the
sinoatrial (SA) node, the pacemaker of the heart. This dual innervation results in a variability in
the time between heart beats, called heart rate variability (HRV) and represents the dynamic
interaction of both the PSNS, which decreases HR and SNS which increases it (McCraty &
Shaffer, 2015). Respiratory Sinus Arrhythmia (RSA) is the HRV that occurs in synchronicity
with the normal respiratory cycle, where the exhale activates the PSNS and lowers HR, and the
inhale activates the SNS, increasing it (Billman, 2011; Fisher et al., 2022). The measurement and
proper analysis of HRV, to be discussed later in this chapter, are of clinical significance in
assessing cardiac health and cardiac mortality risk (Thayer et al., 2010, Zhang & Anderson,
2018). Generally, low HRV indicates higher risk and a system that is neurologically dominated

sympathetic control (McCraty and Shaffer, 2020; Shaffer & Ginsberg, 2017). In addition to an
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increase in HR, SNS activation also results in increased blood pressure (BP) caused by increased
cardiac contractile force and increased peripheral vasoconstriction (Cohen et al., 2007a, 2019;
Fuchs & Whelton, 2020; Zhang & Anderson, 2014). In a systematic review analyzing the
association between stress and high BP, Liu et al. (2017) found that individuals with chronic
stress are 2.4 times more likely to suffer from hypertension (high BP). It is because of the
potential damage high pressure can exert on coronary arteries and other vessels that hypertension
increases the risk of CVD (Fuchs & Whelton, 2020). The increase in peripheral vasoconstriction
narrows vessels that supply non-vital areas of the body in order to redistribute blood flow to vital
organs, including the heart, which in turn increases the workload on it, and contributes to higher
pressure.
2.1.2 Hormonal Effects

The SAM’s role in stress response is not as complex. The SNS has a direct innervation to
the adrenal medulla, which it stimulates to release epinephrine and norepinephrine in preparation
for fight or flight. Epinephrine acts on multiple organs and tissues to prepare the body for action,
including increasing HR and BP, bronchodilation, and the breakdown of glycogen from the liver
and muscles. Norepinephrine (NE) released into the bloodstream directly by the SNS contributes
to the cardiovascular changes already discussed. NE released by the adrenal medulla, through
direct SNS innervation can stimulate the adrenal cortex to secrete the hormone cortisol
(Vanitallie, 2002). Cortisol is also released by the adrenal cortex under the regulatory commands
of the neuroendocrine feedback loop of the HPA axis. Cortisol has multiple functions in the
body. Of relevance in this study are its role in promoting vasoconstriction which contributes to
higher blood pressure and mobilization of glucose for fuel, together with modulating

inflammation. Under normal conditions, cortisol fluctuates throughout the day, with an initial 30
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— 40 minute rapid rise to a peak after waking (cortisol awakening response — CAR), then a
gradual decrease throughout the day, reaching its lowest at night and during sleep (Adam &
Kumari, 2009; Sveinsdottir et al., 2016). Approximately 15-minutes after the onset of stress,
cortisol levels rise in the system and remain elevated for several hours before returning to normal
levels (Hannibal & Bishop, 2014). The acute increase in cortisol secretion serves to reduce
inflammation, increase available energy, increase awareness and improve immunity (Adam &
Kumari, 2009). Repetitive stress exposures prolong or excessively activate the HPA axis and
may result in higher than normal levels of cortisol. This elevated cortisol level increases blood
sugar levels which can lead to increased fat storage, insulin resistance and the development of
Type II diabetes (Geer et al., 2014).

Prolonged heightened levels may exhaust the HPA-Axis and lead to cortisol resistance or
dysfunction and ultimately dampen secretion (Fries et al., 2005; Hannibal & Bishop, 2014).
Chronically low cortisol levels, including decreased morning levels and blunted cortisol
responses to acute stress have been measured in individuals suffering from stress-related
disorders and individuals exposed to high daily work stress (Heim et al., 2000). Termed
hypocortisolism, this phenomenon may be caused by multiple complex mechanisms that exhaust
the HPA-Axis (Heim, et al., 2000; Fries et al., 2005) and lead to the overall reduction in basal
cortisol.

It is evident that sustained or repetitive stress has a cumulative impact on physiological
outcomes, which increases risk for CVD and Type II Diabetes. Stress also has a strong

association with pain.
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2.2 The Stress — Pain Relationship

Pain can manifest in various forms and with different attributes, encompassing both
emotional and physical aspects. In the current study, pain is classified as the unpleasant sensory
experience of discomfort in the body, brought on by psychological or physical mechanisms.
According to the International Association for the Study of Pain and International Classification
of Diseases (ICD) 11, acute pain is a symptom of an underlying cause and chronic pain is that
which extends beyond three months, irrespective of the cause and is considered a health
condition on its own (Treede et al., 2019). The neurobiological mechanisms of pain are
extremely complex, and not yet fully understood (Boersma et al., 2012). Stated simply, sensory
and/ or cognitive information that has the potential to damage or injure is transmitted to the CNS,
processed and then perceived as the sensation of pain (De Ridder et al., 2021).

2.2.1 How Pain Works

Nociceptors are specialized sensory receptors that communicate with polysynaptic
interneurons in the spinal cord, which transmit information up the spinothalamic tract to the
brain. Nociceptor activation serves to initiate pain sensation in the affected region as a form of
protection until the specified region can heal (De Ridder et al., 2021). Nociceptors are activated
by possibly harmful chemical, temperature, mechanical or electrical stimuli (De Ridder et al.,
2021). After processing in the brain, once at the spinal cord, there are several possible efferent
pathways the signal may travel. The effects can include, local muscle hypertonicity, increase in
sympathetic nerve activation, increase of neuroendocrine stress response and changes in systemic
visceral activity (Dubin & Patapoutian, 2010).

The pain-stress relationship is bi-directional as pain itself is recognized in the scientific
community as a stressor (Ganesan et al., 2017; Hallman & Lyskov, 2012). When pain signals

reach the brain, they activate the hypothalamus, a key regulator of the HPA-axis and autonomic
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nervous system, resulting in stimulation of the physiological stress response. Chronic pain can
develop from multiple different mechanisms, two of which are: persistent activation of
nociceptors and stress-induced shifts in the HPA-axis and SNS (De Ridder et al., 2021; Salberg
et al., 2020). This pain-stress cycle is perpetuated by the increase in pain sensitivity which occurs
as a protective response to stress and is mediated by the release of cortisol and increase in SNS
activation. One such type of pain is musculoskeletal pain, which can be both instigated by and

exacerbated by stress (McBeth et al., 2007).

2.2.2 Stress and Musculoskeletal Pain

Research linking psychological stress and musculoskeletal pain has primarily focussed on
chronic widespread pain as an experienced symptom of fibromyalgia, chronic fatigue syndrome,
rheumatism, temporomandibular joint dysfunction (TMJD) or post-traumatic stress syndrome
(PTSD) (McFarlane, 2007). In a longitudinal study, McBeth et al., (2007) provided evidence of
psychological stress as a source of chronic musculoskeletal pain. The study was designed to
examine the potential modulation effect of abnormalities in the HPA-axis, measured by cortisol
levels, in the onset of pain. From a cohort of 463 randomly selected participants who, based on
psychological profile were flagged for future risk of chronic musculoskeletal pain, 267 pain-free
participants qualified for the study. Salivary cortisol was analyzed from 9:00 am and 10:00 pm
samples. Follow up samples were taken 15-months later, when participants reported on whether
they were experiencing new pain symptoms. After controlling for depression, sleep, sex, trauma
and other psychosocial factors, the results revealed that failure to suppress the HPA axis, lower
morning and higher evening cortisol levels were independent predictors of onset of chronic pain.
Individuals with morning salivary cortisol levels below 3 nmol/L were found to be 1.5 times

more likely to develop pain and those with evening cortisol higher than 1nmol/L were 2.5 times
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more likely to develop symptoms. The pain reported by participants in the McBeth et al. study,
was classified to be widespread - the type of pain developed in those who suffer from
fibromyalgia, and not isolated to any specific body region, a limitation common to research
linking pain and stress.

Hallman & Lyskov (2012), found a significant decrease in parasympathetic contribution
to HRV measurements in subjects who did not suffer from fibromyalgia, but reportedly suffered
from unexplained chronic isolated shoulder, neck and upper back pain. In the study, analysis of
24-hour monitoring of HRV showed significantly lower high frequency power and time variation
in normal heart beats in the pain group when compared to asymptomatic controls. They did not
observe a difference between the groups in self-reported perceived stress or normalized low
frequency power values. In a laboratory study involving rats, Alvarez et al. (2013), reported an
increased susceptibility to chronic muscle pain in adulthood after experience of early-life
psychological stress.

Reduced blood flow, inflammation, muscle tension and poor posture are all mechanisms
that may contribute to the muscular pain-stress relationship. The increased vasoconstriction of
the periphery during stress causes a reduction of blood flow to muscles. Lack of blood flow can
result in lack of oxygen and nutrients reaching the tissues (Cohen et al., 2007b, 2019; Fuchs &
Whelton, 2020; Zhang & Anderson, 2014). Muscles that do not receive the metabolites needed
for function can become tight, fatigued and painful (Mense, 2008, 2010, 2013b, 2013a). As
previously explained, the release of cortisol during stress triggers an increase in inflammatory
molecules in the body. The inflammatory accumulation of fluid in muscles can create a pressure
stimulus on nociceptors, resulting in pain sensation in the muscle (Mense, 2008, 2010, 2013b,

2013a). When stressed, the body’s natural response is to tense muscles, which can result in
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muscles becoming tight and strained (Shahidi et al., 2013). Over time, this tension can lead to the
development of trigger points, which are areas of the muscle that are tender to touch, and can
cause pain (Celik & Mutlu, 2013). The observation of postural shifts during stress and stress-
related psychological disorders can put additional strain on muscles and cause disruption in
biomechanics leading to musculoskeletal pain (Shahidi et al., 2013). Stress-pain research that
includes the contribution of postural and/ or muscle tension mechanisms in the relationship is not
heavily reported.

As previously noted, there is evidence of a positive correlation between back pain and
mental health. Stubbs et al. (2016) reported that individuals who suffer with back pain are
associated with a two-fold increase in the odds of suffering from anxiety. Although studies are
unable to claim any bidirectionality to these relationships, evidence does support the
bidirectional relationship connection between stress and musculoskeletal pain. The suggestion
for mental health practitioners to screen for back pain and for a musculoskeletal therapist to
screen for mental health is given supported by Pinar et al., (2015) who reported a significant
decrease in stress markers in subjects who received back massage to release muscle tension when
compared to those who did not. In addition to reduced blood flow and inflammation, muscle
tension and poor posture have also been identified as mechanisms in the stress-muscular pain
relationship.

2.2.3 Stress and Muscle Tension

The exercise pressor reflex (EPR) is a reflexive mechanism that is activated by the
contraction of muscle as a result of stimulation of mechanically and metabolically sensitive
afferent nerve endings within the muscle (Kaufman & Hayes, 2002). It is a crucial component of

the automimic control of vascular tone during exercise (Lydakis & Sinoway, 2007; J. H. Mitchell
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et al., 2003). The EPR has two main components: the muscle mechanoreflex and the
metaboreflex.

The muscle mechanoreflex is initiated by the stimulation of mechanoreceptors that
respond to mechanical stress elicited on muscle during contraction (Kaufman & Hayes, 2002).
Such stimulation transmits signals to the CNS to increase activity in the SNS. This results in a
reflexive increase in heart rate, contractility and peripheral resistance, all which help to maintain
blood flow to working muscles (Kaufman & Hayes, 2002). The metaboreflex, on the other hand,
is activated by metabolic stress in the muscles, such as oxygen debt (Kaufman & Hayes, 2002).
Again, signals are sent to the CNS, which further increase SNS activity.

Although the complete neural mechanisms underlying this effect are unclear, a
chronically overactive muscle could be the result of a hyperactive EPR (Murayama et al., 2012;
Willmann et al., 2012). The EPR provides a mechanistic explanation as to how chronic muscle
tension, which is created by persistent muscle contraction, can create cardiovascular changes
indicative of a physiological stress response via activation of the SNS (Lydakis & Sinoway,
2007). An overactive EPR has been consistently recognized as the cause of the abnormal
cardiovascular response to exercise in patients with hypertension (Smith et al., 2015) and may
contribute to cardiac mortality in patients with heart failure (Lydakis & Sinoway, 2007).

In response to stress, involuntary contraction of skeletal muscles occurs in the initial
arousal stage, which is the start of the defense cascade. Beginning in the brain, when a stimulus
is perceived as a threat, the hypothalamus pathway is activated resulting in increased tone in the
SNS and somatic nervous system. Following the initial arousal, if the threat continues, or a
misperception of the stimulus as a threat continues, the hypothalamus continues to activate the

SNS and increase muscular tone to prepare the body for action. This is the fight or flight stage.
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Remaining in a state of fight or flight, which is hyperarousal, for a prolonged period, results in
increased muscle tension and musculoskeletal pain (Nyboe et al., 2017). Hazlett et al., (1994)
used electromyography (EMG) to record muscle activity in the gastrocnemius and frontalis
muscles in eighteen individuals with general anxiety disorder and compared them to EMG in
non-anxious individuals. During a laboratory cognitive stress-inducing activity, EMG results
showed increased muscle activity in both groups. The groups did not show a difference in the
frequency or duration of muscle contraction however the general anxiety disorder group did have
significantly stronger contractions.

Individuals who experience pain and muscle tension associated with temporomandibular
jaw disorder (TMJD), typically display higher levels of emotional distress than those without
TMJD-associated pain (Glaros et al., 2016). Glaros et al., (2016) aimed to understand the
directionality of the relationships among TMJD pain, distress and muscle tension. In their study,
data were collected from a single group of 171 participants who tracked their level of distress,
muscle tension and TMJD pain symptoms for a 1-week period. Overall, the analyses showed
increases in distress had stronger influence on tension than increases in tension had on distress
(distress & tension). However, the results revealed significant bidirectional relationships for all
variables; TMJD pain < distress, muscle tension «= TMJD pain, and TMJD pain < distress.
These results were coherent with the 2015 cross-sectional study by Tosato et al. (2015). The
Tosato et al. study reported a significant negative correlation between TMJD muscular activation
triggered by stress and salivary cortisol levels. One aspect of exclusion criteria for the Tasato et
al. study, which was not reported by Hazlett et al., (1994) was active participation in
physiotherapy to alleviate musculoskeletal pain or manage biomechanical deficiencies. The

EMG measured tension in the masseter muscles by Tosato et al., was analyzed against severity
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of TMJD pain and cortisol level. Moderate to strong significant positive correlations were found
between EMG activity and TMJD pain for all levels of severity, and a negative correlation
between salivary cortisol and EMG activity which was only significant in those who experienced
severe pain. This indicates that severity of pain influences the relationship between muscle
tension and cortisol.

Body treatment therapies that aim to reduce muscle tension, have shown efficacy in
decreasing stress response (Delaney et al., 2002; Morling, 2009; Pinar et al., 2015). Delaney et
al. (2002) used analysis of HRV to reveal an increase in parasympathetic (PSNS) activity
following 20 minutes of trigger-point massage of the head, neck and shoulder area. They
reported an associated 39% decrease in muscle tension in the treatment group, where the control
group showed no change. One limitation of the study was that although it significantly related
muscle tension and stress, the measurement of muscle tension was subjective. This is consistent
throughout much of the literature on the muscle tension- stress relationship. The RCT by Pinar
et al., (2015) examined the effect of back massage on self-reported anxiety, cortisol and blood
pressure in a group of cancer care givers. The results showed a significant decrease in self-
reported anxiety, measured cortisol levels, and blood pressure after one week of daily 15-minute
massage. Massage has been shown to decrease muscular tension (Gasibat & Suwehli, 2017)
however, Pinar et al., did not use an objective quantitative measure of muscle tension, and thus
it’s not possible to conclude the results they measured were because muscle tension was
decreased by the massage.

The exact mechanisms underlying the relationship between stress, muscle tension and
sympathetic activity are complex and not fully understood. However, the literature does support

that the sympathetic nervous system plays a key role in regulating muscle tension in response to
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stress via the EPR, somatic defense cascade and secretion of cortisol. The relationship may be
bidirectional, as supported by Glaros et al., (2005) with stress causing muscle tension and muscle
tension further stimulating sympathetic activity. An additional area that is important to consider,
is the contribution of biomechanical deficiencies and fascial health in the muscle tension-pain
relationship.

2.2.4 Muscle Tension, Stiffness and Pain

Chronic muscular tension has been identified as a source of chronic pain. Physiologically,
muscle tension is the result of the contraction of muscle fibres, which are controlled by signals
from the somatic nervous system (Derrickson, 2017). When the muscle receives a signal to
contract, the muscle fibres shorten and produce tension which can be felt as a sense of hardness
or tightness. The degree of tension varies based on the rate at which muscle fibres are stimulated,
the length of the muscle fibres prior to the contraction and the diameter of the fibres. Overall,
whole muscle tension is dependent on the number of muscle fibres that are simultaneously
recruited and the number of motor units (combination of individual motor neuron and the fibres
it innervates) that are activated (Derrickson, 2017). Consistent, repetitive activation of the
somatic nervous system, as may occur in chronic stress, results in short, tight muscles due to
continuous patterns of tension.

Muscle tension can cause pain through a variety of mechanisms. Sustained muscle
tension reduces blood flow to the muscle which can cause muscle fibres to be deprived of
oxygen. This creates an accumulation of metabolic waste products, which can activate
nociceptors, leading to pain (Mense, 2013). Tense muscles can also cause compression on
nerves or vessels which evokes a mechanical stimulus for pain (Campbell & Meyer, 2006;

Rempel et al., 1999; Tonkin, 2010). In addition, shifts in posture due to spending prolonged time
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in the same body position, for example computer sitting, or from repetitive activities may cause
compensatory muscle tension in other areas of the body, or tension in from overuse, exacerbating
the muscle tension-pain relationship (Tonkin, 2010).

Not included in the definition of muscle tension, but an important factor in examining
possible mechanisms of musculoskeletal pain, is in the fascia. Fascia is multi-layered tissue
primarily comprised of a collagen matrix and hyaluronan. The fascial system refers to the three-
dimensional continuum of soft, collagen containing, loose and dense fibrous connective tissue
that permeates the body and enables all body systems to operate in an integrated manner (Schleip
et al., 2019). It includes neurovascular sheaths, ligaments, tendons, intramuscular and
intermuscular connective tissues (Schleip et al., 2019). Fascia is rich in mechanoreceptors,
including nociceptors (Bordoni & Varacallo, 2018; Bordoni & Zanier, 2013; Schleip, 2017).
The stimulation of these nociceptors elicits activity in the sympathetic nervous system and in
surrounding viscera (Schleip, 2017).

The mysofascia, a subcategory of the fascial system, is a part of the intermuscular
connective tissue and is composed of the endomysium, perimysium and epimysium. The
myofascial system transmits mechanical force, which can either assist or limit joint movement.
This mechanical force is distributed along tissues aligned within the same directional
arrangement, and in presence of adhesions or inflammation, to adjacent tissues. As a result of
injury, consistent muscle contraction, inactivity, repetitive movement or habitual poor posture,
myofascia can start to deform. These forms of acute and chronic loading of fascial tissues
stimulate collagen remodeling in order to continue to support the structural integrity of the body
(Ziigel et al., 2018). Continuous collagen remodeling at the same site increases fascial tissue

density and adhesions which leads to decreased muscle extensibility and elasticity (Maganaris et
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al., 2017). When a muscle loses its extensibility, range of motion at the joints the muscle acts on
will be decreased (Maganaris et al., 2017; Schleip et al., 2010). In addition, adhesions in fascia
can increase over time, causing the myofascia to compress the muscle it surrounds, stimulating
the muscle mechanoreflex, contributing to ischemia induced muscle tension and painful trigger
points (Driscoll, 2017).

Along with being a source of musculoskeletal pain, muscle tension and tissue stiffness,
rigidity and decreased elasticity all contribute to limited range of motion within joints. It is
because of the interrelationship between muscle tension and fascial stiffness on the extensibility
of muscle, the term “tension” in this study is taken to operationally mean the combined tensile
forces exhibited by muscle contraction and the muscle’s associated fascial tissue.

2.2.5 Stress and Low Back Pain

Low back pain (LBP) is the leading cause of disability around the world, the majority of
which can be classified as non-specific (nsLBP), meaning without clinical diagnosis (Hartvigsen
et al., 2018). However, non-specific pain that lasts a period of three months or longer, whether
consistent or intermittent is considered chronic and is represented as non-specific chronic low
back pain (nsCLBP) (Balagué et al., 2012; Deyo, 1986). Although psychological stress is
indicated as a risk factor for depression and anxiety, both which have a co-occurrence with both
nsCLBP and acute nsLBP (Linton, 2000; Loncar et al., 2013; Stubbs et al., 2016b), and stress has
been identified as an important risk factor for low back pain (Fatoye et al., 2019; Puschmann et
al., 2020), research investing the relationship between stress and nsLBP or nsCLBP has varied
results. In its relationship to depression, anxiety, PTSD (Atarodi & Hosier, 2011; Hartvigsen et
al., 2018; Loncar et al., 2013; Scaer, 2014) and overall mental health (Stubbs et al., 2016a),

nsCLBP has been referred to as a pain that originates from psychological factors rather than



27

physical ones, known as psychosomatic or psychogenic pain. There are no specific statistics
outlining the percentage of individuals who relate their back pain to stress, and as previously
explained, the relationship between stress and pain is complex and multifactorial. Some research
does however suggest that stress can be a significant contributing factor to back pain in some
people and the overriding tenet in many studies is that psychological and emotional factors
trigger some type of physical change resulting in back pain. Overall, however, the empirical
evidence is inconclusive in identifying the extent or validity of this relationship.

Using data from the World Health Survey, Stubbs et al. (2016) categorized any pain in
the back experienced within the 30 days prior to the survey as “back pain”, and “chronic back
pain” as pain experienced on all 30 days. From the cross-sectional community-based study,
spanning seventy countries, 190,593 individuals from 43 countries made up the final sample.
Along with depression, psychosis, sleep problems and anxiety, stress sensitivity was analyzed as
an exposure variable for back pain or chronic back pain outcomes. They found a linear increase
in the prevalence of both types of back pain with higher severity of stress sensitivity. A one-unit
increase in stress sensitivity (measured as a range of 2-10), was associated with 1.13 times higher
odds for any back pain. As one of the largest studies to link back pain and psychological stress
to date, it provided evidence in support of including mental health screening in assessing cases of
back pain and screening for back pain in those who suffer from mental illness. The study,
however, did not use any validated biomarkers to measure stress objectively, which does not
conclude a definitive link between physiological stress response and back pain.

Ganesan et al., (2017) reported survey data from 1355 adults aged 18-35 including

sociodemographic and lifestyle factors that are considered risk factors for LBP, and experience
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of lower back pain. Stress was reported by 24.2% of participants and was concluded to be a
significant predictor of back pain. The study, however, did not clearly define or quantify stress.

In their recent systematic review, Bandeira et al., (2021) identified only two RCTs that
used ECG to measure baseline resting HRV in individuals 18-65 years of age with nsCLBP.
They reported on two very different studies. In one of the studies, Shankar et al., (2011) aimed to
observe the effects of electro acupuncture therapy in the management of nsCLBP. Along with
blood pressure, HRV was measured for 1 minute with a controlled 6 breath per minute breath
rate. A low (during exhale) to high (during inhale) R-R interval ratio (E:I) between groups was
analyzed. They found significantly higher BP and lower E:I ratio in the nsCLBP at baseline,
indicating decreased parasympathetic and increased sympathetic tone compared to the controls.
The second study reported by Bandeira et al. was by Kalezic et al., (2010) who aimed to
investigate autonomic regulation in response to functional health testing. They measured
baseline HRV during paced 5 breaths per minute, controlled breath rate in 93 nsCLBP patients
ages 20-50, and compared to 32 healthy controls. A significantly lower HRV was found in the
patients with nsCLBP, specifically higher LF and lower HF values, which represent sympathetic
hyperactivity and parasympathetic withdrawal. SDNN measures, however, did not show a
significant difference. This is supported by the work of Pontes-Silva et al. (2022) who found
dysregulation in the PSNS as measured by lower resting HF in individuals with both neck and
back pain when compared to controls.

Salivary cortisol has been sparsely used as a measurement of stress in back pain research.
Sveinsdottir et al., (2016) compared Cortisol Awakening Response (CAR), daytime cortisol
slope and evening cortisol levels analyzed from salivary cortisol samples in 305 nsCLBP

patients. When compared to normative values, evening levels and daytime slope were similar,
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however CAR values were found to be significantly higher (7.63 vs 4.23nml/L) in the patients.
The study showed a weak, but significant negative correlation between CAR and pain in the hips
and back. The shared variance between CAR and all body pain was found to be 5.1%, but was
not significant for back pain alone. Earlier work by Sudhaus et al. (2007) differed in its findings
of significantly lower overall cortisol profiles in patients with acute or chronic low back pain
patients compared to healthy controls. Sudhaus et al. did not find a significant increase in
cortisol secretion in either group upon eliciting an acute thermal pain stimulus, a result later
replicated by Muhtz et al. (2013).

In investigating the relationships among cortisol, mental health and low back pain, Muhtz
et al. (2013) induced pain in three separate groups - individuals with nsCLBP and not depression
(n=20), with depression and not nsCLBP (n=22) and healthy controls (n=33). The nsCLBP
group measured lower cortisol when compared to depressed patients, which were not different
from controls. There was no significant increase in cortisol at any time point when acute thermal
pain was elicited, and no significant relationship was found between the duration or the intensity
of the acute pain and cortisol. The research of Sudhaus et al. (2007) and Muhtz et al. support the
idea that constant nociceptor stimulation in the presence of chronic pain and may lead to an
exhaustion of the HPA-axis (Fries et al., 2005; Heim et al., 2000) but is not congruent with the
other well-established science that acute pain stimulates the HPA axis, increasing cortisol
(Hannibal & Bishop, 2014).

It is important to note that not all individuals who experience back pain will attribute it to
stress, or report experiencing increased stress as a result of back pain. Many other factors such

as physical activity, posture and medical conditions can also contribute to back pain.
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Additionally, stress may not be the primary cause of back pain, but rather a contributing factor
that exacerbates existing pain or makes it more difficult to manage.
2.3  Anatomy and Function of the Iliopsoas and Psoas Major

Located deep within the anterior hip joint and lower spine lies the PM. The PM is a large
muscle, unlike any other in the abdominal area, arising from the lower thoracic and lumbar spine
and terminating distally on the proximal femur. Although commonly referred to as a single
continuous hip flexing muscle, dissection has revealed that the muscle is a series of overlapping
segmental fascicles, with each fascicle arising from a distinct point on the lumbar spine (Bogduk
et al., 1992). The attachment points on the lumbar spine are either on the posterior 7/8ths of the
lateral surface of each intervertebral disc between and including T12-L.1 to L4-L5 and or the
transverse process from T12-L5 (Gray, 2009). These bundles pass caudally, laterally and
anteriorly to join with the iliacus (IL), forming the common iliopsoas tendon, inferior to the
pelvic brim (Gray, 2009; Myers, 1996). The PM and the IL together form the iliopsoas (IP)
complex. Although the IP complex is often referred in literature as a single structure, PM and IL
differ in their anatomy and neural innervation (Andersson et al., 2007; Sajko & Stuber, 2009).

The PM is innervated directly from the anterior rami of L1-L4 of the lumbar plexus
(Siccardi et al., 2021; Singh & Al Khalili, 2022), while the IL is innervated by the femoral nerve
(L2, L3), which is a nerve that forms after exiting the lumbar plexus (Martini et al., 2012). The
IL is a fan-shaped muscle that occupies the internal iliac fossa, originating on its upper two-
thirds. The muscle bundles move toward the lateral side of the PM tendon, on which they insert
(Siccardi et al., 2021).

The classically cited insertion of the PM as a part of the IL at the lesser trochanter of the

femur (Tortora & Grabowski, 1996) in most textbooks is an oversimplification which limited the
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biomechanical classification of PM to a hip flexor for several decades. The posterior fascicles of
the psoas attach directly to the pelvic brim and it’s inferomedial fascia stemming from the lower
lumbar vertebrae is continuous with the fascia of the pelvic floor (Gray, 2009; Gray’s Anatomy
E-Book Loc 7391 of 8322 “Iliac Region”; Myers & Garcia, 2021) This forms a connection with
the musculature of the pelvic floor, transversus abdominus, and the internal obliques (Myers,
1996; Sajko & Stuber, 2009b).

As shown in Figure 2, the most proximal attachment of the PM connects to the diaphragm
via the medial arcuate ligament (Cai et al., 2013; Gray et al., 1974 p. 352). The diaphragm becomes
tendonous on either side of the aorta transitioning to the right and left crus, the attachment points
on the spine at L1through L3, which merge to become the anterior longitudinal ligament moving
caudally to the pelvic basin. (Gray, 1974 p.353).

Figure 2

The Diaphragm Under surface (Gray, 1974)

Xiphoid process

The importance of the attachment point of the PM and diaphragm at L2 on respiratory function is

currently under investigation by Vats et al., (2021). Their study tested the efficacy of releasing



32

tension in the psoas muscle to improve respiratory efficiency in patients with nsCLBP, however
results have not yet been published. Because the direction of force production in the PM is in the
same plane but opposite direction as the posterior inferior fibres of the diaphragm, tension in the
PM can limit the pliability of the diaphragm during an inhalation (Bordoni & Zanier, 2013; Vats
et al., 2021). The fascial continuity of the PM, crus of the diaphragm, anterior longitudinal
ligament and pelvic basin position the PM to exert influence on the balance of the dynamics of
respiratory function and the functional relationship between the diaphragm and pelvic floor
(Siccardi et al., 2021).

Singh and Al Khalili (2022) document the lumbar plexus as a web of somatic peripheral
nerves exiting the first three lumbar vertebrae, innervating primarily the lower limbs, in addition
to the PM, quadratus lumborum, internal obliques and transversus abdominis muscles and lies
within the PM, beginning at the 12% thoracic vertebrae. According to Gray (2009), the lumbar
sympathetic nervous filaments pass beneath tendonous arches between the vertebrae and the PM
in order to protect the nerve fibres from pressure during the contraction of the muscle. However,
the dissection of 54 cadavers by Feigl et al. (2013) recorded the lumbar sympathetic trunk’s
mean distance to the PM was 0.3mm at L2/L3 and at its origin was observed directly within the
fibres of PM, which was also reported in earlier medical dissection research (Rocco et al., 1995).

The kidneys are located superior to each side of PM and the posterior layer of the renal
fascia extends medialward behind the kidney and blends with the fascia on the quadratus
lumborum (QL) and the PM (Raptopoulos et al., 1986; Sim & Webb, 2004). On the medial
aspect of PM are the lumbar arteries, the sympathetic ganglia and its communicating branches
with the spinal nerves, the vena cava on the right and the aorta on the left (Feigl et al., 2013;

Kanemura et al., 2017).
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The anatomical research is clear - there are several fascial connections between the PM
and adjacent structures, including visceral organs that play a role in physiological stress response
(Kanemura et al., 2017).

The PM muscle does not work alone to produce movement in or stabilize the lumbar
spine. Also involved are: posteriorly the quadratus lumborum, multifidi and erector spinae;
anteriolaterally the internal and external oblique abdominal muscles and the transversus
abdominis; anteriorly the rectus abdominis. Researchers continue to disagree on the PM and
subsequently the IP’s involvement in lumbar spine flexion, extension and lateral flexion, as well
as hip rotation, adduction and abduction (Bogduk et al., 1992; Gray, 2009; Koch, 2012;
Santaguida & McGill, 1995; Yoshio et al., 2002). However, most researchers agree in its
involvement in flexion of the hip joint and lumbar spine stabilization (Santaguida & McGill,
1995; Yoshio et al., 2002), which led to the development of the Thomas Test in assessing
tightness in IP (Kendall et al., 1993).

2.3.1 Lower Back Pain and The Psoas Major Muscle

The PM is connected to the spine and as such, elicits force on the spine in a variety of
vectors (Santaguida & McGill, 1995), making it an area of interest when assessing
biomechanical mechanisms of LBP. Asymmetry between the right and left PM can create a
tensional force on the spine or unilaterally on the pelvis to disrupt lumbopelvic alignment,
resulting in a chronic muscle tension created by compensatory muscle activity. Bilateral tension
can apply force on the femur to decrease available hip extension range of motion, in addition to
creating excessive compressive forces on the lumbar spine leading to pain (Cholewicki &
McGill, 1996). One area of study that presents noteworthy findings is that of the examination of

the cross-sectional area (CSA) of the PM and implications for nsCLBP.
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Dangaria and Naesh (1998) used MRI to determine the CSA of PM in patients with
unilateral sciatica caused by lumbar disc herniation and compared to asymptomatic volunteers.
They found ipsilateral (same side) decreased CSA in PM in the patients but no difference in PM
CSA on left and ride side in the volunteers. Although this study implied that the herniation
causes the ipsilateral PM atrophy, the authors also suggested that it may not be atrophy at all, but
compensatory hypertrophy of the opposite side.

Barker et al. (2004) also used MRI to measure CSA symmetry of the PM. However, their
study focused on patients with nsCLBP instead of herniations and they also included measures of
CSA of the multifidus. examined the relationship between atrophy in the PM in addition to the
multifidus with symptoms of unilateral nsCLBP. In the 48 patients with unilateral nsCLBP, an
imbalance in cross sectional area at different levels of the PM attachment to the spine was
present. The decrease in PM and multifidus CSA at each L1-L5 spinal level coincided with pain
at that level of the spine on the same side. That is, when a significant decrease in PM and the
multifidus CSA at L1 was measured, pain had been reported at the L1 spinal level on the same
side. They concluded that there is selective ipsilateral atrophy of PM and multifidus in the
presence of unilateral nsSCLBP. A flaw in their study is they only measured the CSA on the side
of pain, so although there was a decrease in PM at the level of pain, it is possible that the non-
symptomatic side may have shown hypertrophy at those spinal levels. The later work by
Seyedhoseinpoor et al. (2022)measured CSA using MRI in PM, multifidus and erector spinae on
both sides of the spine at L2-L.3 and L5-S1. Their results found that only asymmetry in PM was
a significant factor in patients with nsCLBP.

Atrophy can happen for number of different reasons, and although these studies postulate

that the pain is causing the atrophy, it is also possible that the imbalance in size and subsequent
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force that can be elicited on the spine by a larger muscle (i.e., larger CSA), may be a contributor
to the pain. The 2013 study by Arbanas et al. showed evidence of this. They compared analyses
of MRI measurements of PM CSA at different spinal levels of 42 nsCLBP patients to 49
controls. Patients measured larger PM CSA at L3-L4 and L4-L5 when compared to the controls.
In contrast to the previously mentioned studies on unilateral pain, Arbanas et al. did not measure
a significant difference in the CSA between sides in nsCLBP patients. Instead, they suggested
an increased activity of the PM in the presence of nsCLBP. None of the studies measuring PM
CSA in the presence of back pain noted the duration of pain or intensity of pain in subjects,
which could account for the contrasting results. Arbanas et al. also did not report on whether the
pain present in patients was unilateral or not. The current study can draw insights from these
studies as the cross-sectional area (CSA) of a muscle is proportional to its overall size, and thus
determines its ability to generate force (Derrickson, 2017; p.370). A muscle with a larger CSA
has a greater potential to produce and retain tension.

Another important area of literature relevant in examining the impact of tightness of the
PM on nsCLBP is the exploration of myofascial trigger points. Felt as knots, or areas of muscle
hardness, myofascial trigger points are hypersensitive points located in skeletal muscle or fascia
which cause local or referred pain, and autonomic changes when compressed (Celik & Mutlu,
2013). Active trigger points produce constant local or referred pain, where latent trigger points
are only painful when they are compressed (Celik & Multu, 2013). Latent trigger points,
however, can become active in the presence of stress (Iglesias-Gonzalez et al., 2013). In their
cross-sectional study involving 42 patients with nsCLBP, Iglesias-Gonzalez et al. did not find a
significant difference in active trigger points in the PM in patients with LBP when compared to

pain-free individuals. However latent trigger points, which can lead to restricted range of motion
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and alternating muscle activation patterns (Celik & Mutlu, 2013) were the highest in PM out of
any other spinal or hip muscle tested and were significantly higher in LBP group compared to
pain-free. Both active and latent trigger points have been shown to have increased metabolites in
the surrounding tissue, Shah and Gilliams (2008) which makes it plausible to say that myofascial
trigger points can activate the metaboreflex, triggering an increase in sympathetic activity.
Consequently, the increased number of latent trigger points in PM in individuals with LBP
(Iglesias-Gonzalez et al., 2013) increases the opportunity for activation of the sympathetic
nervous system.

An earlier study by Ingber (1989) reported on seven case studies of patients with nsCLBP
All seven had tried multiple different treatments including chiropractic, physiotherapy, bed rest
and anti-inflammatories to ease their pain. After bilateral trigger point therapy with dry needling
to the IP motor area, all seven reported a significant increase in functionality, decrease in
tenderness on palpation and decrease in back pain. In addition, there was an immediate change in
hip extension ability after the therapy. The study did not however quantify hip extension angle
or the longevity of results.

When a tight IP tendon impinges on the femoral head and anterior hip capsule, it causes
pain called IP tendinopathy (Zhu et al., 2020). Individuals who exhibit IP tendinopathy often
have accompanied LBP. In a study involving 45 patients with IP, 41 of whom also had LBP,
Zhu et al. (2020) injected anesthetic and corticosteroids into the fascial trigger point of the IP
tendon. Ten minutes following the treatment, reported pain fell from 7.7 to 2.6 on the Numerical
Rating Scale (1-10) for back and hip pain. After one year, pain was down to 0.75 one year later,
and 38 of the 41 patients reported absolute pain relief. Using the Harris Hip Score, a validated

measure of hip pain and function, patients had a 50% improvement in both hip pain and function
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after one year. The study, however, did not report on any treatments that may have been
received in the year, which could have influenced results, nor was a control or placebo group
used.

In clinical practice, evidence connecting nsCLBP and unfavorable biomechanics (i.e.,
increased anterior pelvic tilt, increased lumbar lordosis and limitations in hip extension) that can
be linked to increased PM tension can be seen in the success of fascial release and other somatic
interventions that focus on releasing tension from PM and improving biomechanics.

Avrahami and Potvin (2014) used manual fascial-muscular lengthening therapy of the IP
on two groups of male varsity athletes: athletes with tight hip flexors (THF) and nsCLBP and
athletes with tight hip flexors (THF), but no pain. Hip flexor tightness was defined as an angle
greater than zero degrees (equivalent to a negative angle in the current study) in the Modified
Thomas Test, measured with a goniometer. Maximum voluntary trunk flexion and extension and
passive hip extension range of motion were measured pre and post treatment protocol. Manual
fascial muscular lengthening (also known as Active Release Therapy®) was applied to the IP in
five sessions over two weeks. Both groups showed a significant increase in hip extension (13.1
degrees) and the nsCLBP-THF group showed a significant decrease in pain (as measured by 10-
cm Visual Analogue Scale) following the protocol. The increase in hip extension in the
nsCLBP-THF group was significantly greater than that of the other group. A limitation of this
study was the short duration of only two weeks and lack of control group.

Research has identified tightness in the anterior hip as a mechanism of nsCLBP (Roach et
al., 2015). In their examination of a variety of biomechanical variables in patients with nsCLBP,
Youdas et al. (2000) concluded that it is more likely tightness in the hip flexors and not lack of

abdominal strength that creates anterior pelvic tilting seen in patients with nsCLBP. Kitamura et
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al. (2019) studied swimmers with lower back pain and found that when in a prone swimming
position, their hip extension was limited and elastic modulus, or stiffness (Ates et al., 2015) in
the PM was higher than in those without nsCLBP. Although there is a body of evidence that
reports chronic hip flexor tightness, is a symptom of nsCLBP, studies have not specifically
reported on or controlled for psychological stress variables.

When considering the role of PM in nsCLBP, it’s important to consider not only its
impact on creating dysfunctional biomechanics, but also its potential physiological effects.
Included in the effects of nociceptor activation are: local muscle hypertonicity, increase in
sympathetic nerve activation, increase of neuroendocrine stress response and changes in systemic
visceral activity (Dubin & Patapoutian, 2010). An increased cross-sectional area of the PM, as
seen in patients with nsCLBP (Arbanas et al., 2013) increases the potential for mechanical
pressure to be elicited on adjacent organs and tissues and stimulate a nociceptor response. Latent
and active trigger points in skeletal muscle have been shown to have an increase of biochemicals
in the surrounding tissue (Shah & Gilliams, 2008) which are stimuli for c-fibre nociceptor
depolarization. The anatomy of the PM previously described explains the unique position of this
muscle in its relationship with the diaphragm, vertebral column, kidneys and nerves of the
lumbar spine and its connection to hip extension and back pain. The literature in this section
provides evidence of the involvement PM in nsCLBP, which will be explored in the current
study in the use of the Modified Thomas Test in measuring hip extension range of motion, which
is limited by tension in the PM, in individuals with nsCLBP compared to those without pain.
2.3.2 Measuring Iliopsoas Tightness

Due to the controversy in the actions of the PM and the complexity of its anatomy,

designing a reliable protocol for assessing tension across the structure has been challenging in
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biomechanics. Surface and intramuscular electromyography (EMG) are reliable tools for
measuring electrical impulses of a muscle’s motor units, and thus muscle load and its associated
tension (Roman-Liu et al., 2013). However, intramuscular EMG is invasive and due to the depth
of the PM at the proximal end, accuracy in needle placement is problematic, and a posterior
entrance in the lumbar area creates great discomfort (Nachemson, 1966), therefore, it was not
realistic within the realm of the current study. Although one study, (Mcgill et al., 1996)
concluded that accurately placed surface EMG can detect deep tissue activation in a muscle like
PM, the results have yet to be accepted as a mode of measuring PM tension in research. The
research by McGill et al. (1966) only indicated validity in comparing electrical activity with load
placed on muscle due to body position, which is not applicable in the current study.

The manual assessment of muscle length through specific range of motion tests is a
foundational practice in physical medicine. Specific orthopaedic tests have been designed to
determine whether a certain muscle is too short or has decreased extensibility or too long with
excessive extensibility (Kendall et al., 1993; p. 5). Extensibility of the muscle is inversely
proportional to its tension which is a function of muscular contraction, myofascial and tendon
density, muscle fibre length and neural activity, this has also been called tissue flexibility (Ferber
et al., 2010), as previously discussed. In clinical practice, a simple positive or negative score,
without quantitative measure is typically used in the assessment of biomechanics. However, to
be more specific, muscle length tests provide objective data using measurement tools, such as a
goniometer, tape measure or inclinometer (Kendall et al., 1993). The test for hip flexor length,
or tight hip flexor muscles is the Modified Thomas Test. Specifically, within clinical protocol,
Kendall et al. (1993) describe the use of the Thomas Test for IP length, where a smaller hip

extension angle refers to increased tension or tightness in the IP.



40

Adductor longus and brevis, pectineus, iliacus (IL), psoas major (PM), rectus femoris
(RF), tensor fascia latae (TFL), sartorius, gracilis and the anterior fibres of gluteus minimus are
all part of the hip flexor group of muscles (Martini et al., 2012; Neumann, 2010). The primary
hip flexors acting predominantly in the sagittal plane are IL and PM, together the iliopsoas (IP),
and RF. All other hip flexors also to act pull the femur into adduction, abduction or rotational
movements while flexing the hip (Martini et al., 2012; Neumann, 2010). The RF is a two-joint
hip flexor that also extends the knee when contracted. As explained in section 2.3, the IL is a
single-joint hip flexor which can work with or independently from the PM.

Although currently the most reliable manual test for measuring extensibility in hip
flexors, some doubt remains in the Modified Thomas Test’s ability to isolate the PM or IP.
Overall, the literature shows varied results on the test’s reliability, however intra-rater reliability
is very strong when key criteria during measurement are met. Peeler and Anderson (2007)
measured 54 individuals to test the inter and intra rater reliability of the Thomas Test in
measuring [P flexibility. From their study, which used three different experimenters, Peeler and
Anderson concluded that the test should be administered by the same tester to ensure consistency
in landmarking. In their study, they used the fibular head instead of the lateral condyle of the
femur for the distal landmark in an attempt to improve consistency between testers. The
standard, and the protocol used in all other known studies, however, is to mark the lateral
condyle of the femur, which shows high intra-rater reliability provided the landmarking is all
done by the same person and that the person is experienced in palpation (Ferber et al., 2010).
Although their study did show high reliability between trigonometric calculations and the
goniometer, Peeler & Anderson identified challenges with using the goniometer to measure hip

angle during the Thomas Test, including the lack of identifiable landmark above the hip joint for
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the stationary arm, difficulty in aligning the axis of rotation of the tool with the landmark for the
hip joint and difficulty in maintaining alignment of the tool with the distal long lever landmark.
Peeler & Anderson did not allow the leg being tested to pass the plane of the table, and instead
had the individual fully supported by the table. Their methodology created difficulty in
placement of the goniometer axis at the greater trochanter mark (hip joint), however is easily
overcome when the test is administered with the thigh being able to pass the plane of the table
(Ferber et al., 2010; Vigotsky et al., 2016). Although there is no standard landmark superior to
the hip for the stationary arm of the goniometer, an experienced tester can easily palpate the iliac
crest and identify the lateral line of the pelvis if pelvic tilt is controlled, something not done by
Peeler & Anderson (Vigotsky et al., 2016). Aligning the distal arm accurately can be performed
by using an additional marker on the leg following the straight line between the greater
trochanter and the lateral condyle of the femur, or by adding length to the arm of the goniometer
or another means to ensure a straight line is followed.

Evidence of the reliability of using a goniometer has been provided by studies that have
compared goniometry with other digital measurements. The clinical observational study by
Clapis et al. (2008) measured the reliability of the Thomas Test using a goniometer and
inclinometer. This was the first study of its kind to determine a high correlation between
measurements using the two instruments, in addition to showing high inter-rater reliability.
Although only pain-free subjects were used in this study, the study did an excellent job at
explaining the standardized protocol for the Thomas Test and the use of each measurement tool,
in order to limit tester error (Clapis et al., 2008). Roach et al. (2013), however did find a
significant difference in using the goniometer and inclinometer in all measures of hip range of

motion and concluded the two tools should not be used interchangeably. Fraeulin et al. (2020)
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aimed to test inter and intra rater reliability using motion capture, tape measure and inclinometer.
Their study showed very high, almost perfect reproducibility of measurements when the pelvis
was checked for a zero (sacrum on table) angle between measurement tools and testers. They did
caution using an inclinometer placed on the anterior surface of the thigh as the angle could be
changed by the amount of subcutaneous fat. This was not, however a limitation of their study as
all participants had low BMI values. The conflicting results in the Clapis et al. and the Roach et
al. studies could be due to this difference in methodology. Clapis et al. used a straight line to
connect the landmarks on the femur and placed the inclinometer in alignment with it, whereas
Roach et al. placed the inclinometer on the anterior mid-thigh. Roach et al. also reported
doubting their success of stabilizing the pelvis during the test, which has been provided as a
necessary part of the protocol to enhance the test’s reliability (Roach et al., 2013; Vigotsky et al.,
2016) .

A 2016 study by Vigotsky et al. which aimed to measure criterion reference validity
identified that proper measurement of hip extension, or angle of flexion with the Thomas Test
required the measurement to be taken in relationship to the pelvis and not the table. The results
revealed that when anterior pelvic tilt and lumbar lordosis were corrected, there was high
criterion reference validity. They also concluded that the stabilization of the pelvis in a zero
position was necessary for the measurement to be valid. Because the IL does not attach to the
lumbar vertebrae and is therefore unable to elicit direct force on the spine, Vigostky et al. (2016)
added that for this reason, goniometry using the lateral line of the pelvis as the stationary arm
landmark is more likely to isolate the PM rather than include tension in the IP complex, as it
accounts for the tension elicited on the pelvis by the lumbar spine. Preventing the thigh from

rotating, abducting or adducting, will further isolate the PM by removing tensional contribution
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from the TFL, gluteus minimus and adductors. In addition, maintaining a fixed flexed position
of the knee lengthens the RF, limiting its ability to produce force at the hip and bring the hip into
flexion, maximizing the isolation of IP in limiting hip extension during the Modified Thomas
Test.

Regardless of some studies showing reporting high inter-rater reliability (Ferber et al.,
2010), it remains important for the validity in the Thomas Test to be high, the assessment is
performed by the same practitioner, and that the practitioner is experienced. (Vigotsky et al,
2016; Ferber et al. 2010).

With an aim of setting normative values in the Thomas Test, Ferber et al. (2010)
measured hip extension in the Thomas Test in 300 recreational athletes using an inclinometer.
They deemed a critical value for inflexibility of IP at -9.69 to -6.66 degrees and noted that the leg
being measured must have the thigh free from the examination table to allow for full extension of
the thigh. Moreside and McGill (2011) further attempted to set normative values for young
males (18-35 years), using both 3D (motion capture) and 2D (goniometry) during the Modified
Thomas Test. In addition to finding a high significant positive correlation between the two
measurement computations (2 = .99, p < .05), and deeming goniometry a reliable measuring
method, they recorded -8° as the 50™ percentile, but did not report mean scores. Although there
seems to be agreement between the studies on the range of normal and between measurement
tools, no clinically accepted normal ranges have been published.

24 Measuring Stress
2.4.1 Heart Rate Variability (HRV)
Based on the relationship between the autonomic nervous system and the cardiovascular

system, measurement of HRV is a non-invasive method to analyze physiological and



44

psychological well-being (Kemp & Quintana, 2013; Kim et al., 2018). HRV is a measurement
of the fluctuation of time intervals between adjacent heartbeats (Shaffer & Ginsberg, 2017), and
more specifically the R-R interval (Task for of the European Society and the North American
Society of Pacing and Electrophysiology, 1996; Thayer et al., 2010). Optimal variability, seen in
a healthy heart, shows oscillations that are reflective of the body’s ability to respond and adapt to
a changing environment, or the individual’s self-regulation capacity and resilience (Shaffer &
Ginsberg, 2017).

HRYV is controlled by the autonomic nervous system (ANS) and indicates the dynamic
relationship between its parasympathetic (PSNS) and sympathetic (SNS) branches (Cysarz et al.,
2015; Kim et al., 2018; Shaffer & Ginsberg, 2017). The sinoatrial (SA) node takes inputs from
both the SNS and PSNS to produce a typical resting heart rate between 60-80bpm. PSNS input
to the SA node via the Vagus X cranial nerve decreases heart rate by decreasing the action
potential in the cells. The SNS makes SA node cells more excitable by the release of
norepinephrine, resulting in faster repolarization and increased heart rate. With only SNS input,
heart rate would be set at approximately 100bpm, however it is brought down by the PSNS and
this adjustment by both inputs creates the inter-beat variability. At rest, the PSNS dominates,
however it is withdrawn when HR needs to increase suddenly, as in an increased workload
during exercise or increased arousal (Perini & Veicsteinas, 2003).

During normal stress response in a resilient individual, the SNS is stimulated and then
PSNS rebound restores balance once the stressor is removed. If the ANS is imbalanced, and the
SNS is hyperactive (sympathetic dominance) and PNS underactive, an individual’s entire system
is out of balance, making them more susceptible to disease, illness and premature aging (Thayer

et al., 2010). This is of clinical importance in assessing cardiac health and cardiac related
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mortality risk and can be seen with the proper analysis of HRV (Malik et al., 1996). As
previously noted, an increased HRV is associated with several markers for psychological health
and a decreased HRV has been shown to be associated with a hypoactive PSNS (Kemp &
Quintana, 2013). The standard of methods, definition of physiological and pathophysiological
correlates, and identification of clinical use was developed by a multidisciplinary task force
assigned by the European Society of Cardiology and The North American Society of Pacing and
Electrophysiology (1996).

2.4.1.1 Common Domains for Analyzing HRV

HRYV is displayed in two domains: time (ms) and frequency (ms?), with measurements
recommended to be taken in short-term intervals of 5-minutes or 24-hour long-term intervals
(Task Force of the European Society of Cardiology and the North American Society of Pacing
and Electrophysiology, 1996; Munoz et al., 2015; Shaffer & Ginsberg, 2017). The time domain
is typically used in longer-term analysis and the frequency domain used for short-term and is
more common in research due to the ease of data collection under time constraints (Malik et al.,
1996). The short-term measurements of 5-minute intervals focus on the relationship between
SNS and PSNS and regulatory the mechanisms that control HR via respirator driven speeding
and slowing of the heart via the vagus nerve (respiratory sinus arrhythmia - RSA), baroreceptor
reflex and rhythmic changes in vascular tone (Shaffer & Ginsberg, 2017). Although long-term
or 24-hour intervals are recommended for the use of the time domain, Munoz et al. (2015) found
a high correlation between multiple very short measures, beginning at 10s and the standard 240-
300s, indicating that the time domain has validity over shorter periods of time. Of dominant

importance, as stated by the Task Force may not be the duration of the interval, but the
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uniformity of the intervals for all samples, and the understanding that longer time periods will
show higher accuracy and thus more power in clinical predictive strength (Malik et al., 1996).

The Frequency Domain

The frequency domain measures how much of each heartbeat lies within a frequency
distribution of relative power on the ECG and can be separated into four bands: ultra-low
frequency (ULF), very low frequency (VLF), low frequency (LF; absolute power of low
frequency band 0.04-0.15 Hz) and high frequency (HF; absolute power of high frequency band
0.15-0.4 Hz) (Shaffer & Ginsberg, 2017). ULF and VLF are rarely used in research, however
the body of literature on their utility is beginning to grow, relating to thermal stress and chronic
inflammation and slow biological processes (Carney et al., 2007; Shaffer & Ginsberg, 2017).

VLF is recorded in minimum blocks 5 minutes, where LF is 2 or more minutes and HF is
1 minute or longer. As previously mentioned, the most heavily analyzed are LF and HF and the
ratio of LF/HF, which provide a quantitative analysis of the SNS-PSNS balance (Shaffer &
Ginsberg, 2017). Related efferent vagally mediated influences are present in LF when
respiration rate is below 8.5bpm or 7s, and it is modulated by both the PSNS and SNS (Kim et
al., 2018; Malik et al., 1996; Sayers, 1973). HF reflects PSNS activity and corresponds to HR
variations caused by the RSA. Lower HF band power is correlated with higher stress, and
therefore typically higher levels are recorded during the day, and lower levels at night (Shaffer &
Ginsberg, 2017). When considering the LF/HF ratio, exactly what is being measures relies
heavily on the measurement conditions (Shaffer & Ginsberg, 2017). LF/HF varies between 1.5-
2.0 in a healthy adult, where a measure below 1.5 indicates and imbalance in favour of the PSNS
and above 2.0 is indicative of perturbations favouring SNS activity (Perini & Veicsteinas, 2003;

Shaffer & Ginsberg, 2017).
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The Time Domain
The time domain is considered the gold standard measure due to its clinical predictive
power when measured in 24-hour intervals (Shaffer & Ginsberg, 2017), however the frequency
domain provides a more accurate overview of physiological functioning (Malik et al., 1996).
Frequency domain analysis does, however, contribute to the understanding of autonomic
background of R-R Interval fluctuations in the HR. Simple time domain variables can be
calculated including the mean N-N interval (time between normal heart beats or each QRS
complex; R-R interval), the mean HR, and the longest or the shortest heartbeat. Statistical time-
domain measures can also be used for recordings over long periods to see fluctuations in
circadian rhythms and other activities throughout the day, however they must be used with
caution for short-term analysis due to decreased accuracy (Malik et al., 1996; Shaffer &
Ginsberg, 2017). The standards of measurement are as follows:
¢ uniform measurement for a minimum of 5-minutes while stationary for the frequency
domain and 18 hours with at least one overnight for time domain;
e consistent environment for each subject when doing comparing measurements between
subjects;
e normative values must be taken as a function of age and sex, as they are primary
variables to influence HR;
e standardized equipment should be used (Malik et al., 1996).
HRYV decreases with age and is typically lower in females.
The Standard Deviation of the inter-beat intervals of normal sinus beats N-N interval
(SDNN) is the statistical measurement of the variance between normal heart beats (Shaffer &

Ginsberg, 2017). Both SNS and PSNS activity contribute to SDNN and it is highly correlated
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with total power. Short-term resting variation is primarily sourced by the RSA, which is PSNS-
mediated. SDNN is an accurate predictor of cardiac health when measured over a 24-hour
period, where a value below 50ms is classified as unhealthy, 50-100ms as compromised health
and above 100ms as healthy (Shaffer & Ginsberg, 2017). SDNN is the commonly used measure
of HRV in many electronic wearable devices and has become considered a global measure of
HRYV, which is why it was included in the current study (Rodrigues et al., 2022) .

2.4.1.2 Equipment for Measuring HRV

In 1982, Polar released the world’s first wireless HR monitor (“Polar’s 40 Years of
Incredible Firsts | Polar Blog,” n.d.). Since that time, there has consistent advances in technology
allowing individuals to measure various components of their biological function. To date, most
lack peer-reviewed validation research comparing to the gold-standard ECG (Reeder & David,
2016), thus leaving their validity and accuracy questionable for use in scientific research.
Despite this controversy, wearable heart monitors and smart watches are highly utilized in
studies due to ease of use and cost-effectiveness.

The wearable Equivital EQO2 LifeMonitor is a two-lead chest strap with shoulder holster
to hold the device in place for increased measurement reliability. This monitor uses ECG
tracings to produce reliable and simple HR and HRV data. Different from mobile devices which
may lack accuracy in targeting the cardiac cycle or produce data that may be highly dirtied with
artifacts, the Equivital EQO2 LifeMonitor has been validated in research (Akintola et al., 2016;
Liu et al., 2013).

When compared to the gold-standard ECG device, the Holter, the Equivital EQ02
LifeMonitor had correlations of 0.724, 0.955 and 0.997 for datasets containing all data and data

with <50% or <20% artifacts respectively. Perhaps due to the ability of the Equivital EQ02
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LifeMonitor to record respiration in addition to HR, it is able to mitigate artifacts potentially
created by respiratory disturbance (Akintola et al., 2016). When compared with several other
standard measuring devices, Liu et al. (2013) found there was no significant differences in HR

and R-R scores recorded by the Equivital EQO2 LifeMonitor, deeming it clinically valid.

2.4.1.3 HRV and Health

As previously noted, HRV is an easy and non-invasive way to identify imbalances in the
ANS. A high HRV (R-R interval) typically indicates better cardiovascular health and resilience
to stress. Several studies have shown clinical relevance of using HRV to measure risk of disease
and associated low HRV with a myriad of health conditions, many of which list stress as a risk
factor. In psychophysiology, low HRV has been linked to mood disorders (Kemp & Quintana,
2013), depression (Carney et al., 2007), PTSD (Schuman & Killian, 2019; Tan et al., 2011) and
anxiety (Chalmers et al., 2014).

The Framingham Heart Study, a longitudinal study spanning over 70 years discovered
that health behaviours, which are often linked to stress, such as alcohol consumption, smoking
and inactivity were related to lower HRV in cardiac patients. In the same study, low HRV
related to all-cause mortality (Tsuji et al., 1994). HRV is consistently correlated with CVD and
used as a mortality predictor in a clinical setting (Greiser et al., 2009; Hillebrand et al., 2013).
Thayer et al. (2010) found that low HRYV increases the risk of a cardiovascular event by 32-45%
in persons without CVD history.

Lower HRV has been measured in patients with chronic pain, including during sleep
which indicates reduced PSNS activation and increased SNS, and thus pointing to stress as an

element of chronic muscle pain (Hallman & Lyskov, 2012). This reduced HRV has been
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specified as a reduced RSA in patients with nsCLBP (Prim et al., 2019), indicating a decreased
cognitive control over psychological events.
2.4.2 Cortisol

The evaluation of biological compounds in saliva, which are produced as a result of the
physiological stress response, is an effective non-invasive method of collecting data on the state
of an individual’s system. Specifically, the concentration of cortisol in the saliva reflects activity
of the hypothalamus-pituitary-adrenal axis (HPA-axis) (Raff et al. ,2002; Vining et al., 1983).
On direction from the central nervous system (CNS), the hypothalamus detects stress and signals
the pituitary gland to release adrenocorticotropic hormone (ACTH) to the adrenal cortex which
release cortisol (Lightman, 2008). Upon waking, cortisol levels are at their highest, for
approximately 30 min (cortisol awakening response — CAR), and cycle on a diurnal pattern
throughout the day (Kumari et al., 2011). After the peak at waking, cortisol levels gradually
decrease throughout the day (Kumari et al., 2011; Norman et al., 2014; Ryan et al., 2016).
Salivary levels of cortisol are directly proportional to blood serum levels and may even be a
better measure (Vining et al., 1983). Collection by passive drool is a simple and non-invasive
collection measure and is best taken prior to 11am if comparing to normative values.

2.4.2.1 Cortisol and Health

Many recent studies show that patients with chronic back pain have higher cortisol levels
than control subjects (Vachon-Presseau et al., 2013). Cortisol has successfully been used a
marker of stress in several intervention studies using body therapies as a form of stress
management (Pascoe et al., 2017; Pinar et al., 2015). One study by Sveinsdottir et al. (2016)
using salivary cortisol collection, showed a higher CAR and slower daytime decline in patients

with CLBP, indicating that CLBP and stress are related. Consistent increased levels of free
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cortisol have been recorded in patients with CVD and diabetes (Joseph & Golden, 2017;

Whitworth et al., 2005), further illustrating stress as a risk factor for these conditions.

2.5  Summary

The above review of literature provides evidence of the stress-pain cycle, the
identification of muscle tension or tightness as both a source and cause of pain sensation, and
stress as an instigator and symptom of muscle tension. Although tightness in the hip flexors has
been identified as a potential contributor to nsCLBP, no other study has compared the
relationship between tightness in the hip flexors and stress in individuals who report nsCLBP and
those who do not. The current study aims to investigate the relationship between stress and
muscle tension by focussing on the IP, which has a unique anatomical location, as a potential

primary contributor to back pain.
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Chapter 3: Methods

Approval for this study was obtained from the University of Victoria Human Research
Ethics Board and thus meets the ethical standards required by Canadian universities and National
regulatory bodies for in-person research involving human participants (Appendix A).
3.1 Study Design
This is a single test, cross-sectional observational design.
3.2 Participants

This study used 40 volunteer participants overall. The group included 19 individuals who
reported experience of nsCLBP for a period of at least 3 months in the previous 12 months, and
21 individuals who reported no nsCLBP in the previous 12 months. For between-group
statistical comparisons, two subgroups (nsCLBP and noPain) were created from the overall
participant group with 17 individuals each. The sections below fully describe how volunteers
were recruited, selected and grouped for the study (Figure 3).
3.2.1 Recruitment

Volunteers were obtained through snowball recruitment by means of email to the
researcher’s personal and professional contacts, yoga studios in Victoria BC, and the University
of Victoria current graduate student database (Appendix B). In addition, recruitment posters
(Appendix B) were placed at chiropractors and yoga studios in Victoria BC, and within the
McKinnon Building at the University of Victoria. Social media posts on Instagram and Facebook
were made by the researcher on their personal and professional pages (Appendix C). Eighty-
nine individuals (F=60, M=29; nsCLBP=30, noPain=59), ranging in age from 18-72 years old,

completed the pre-screening questionnaire (Appendix D).
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3.2.2 Sample

Only adults aged 18-65 were eligible to participate. Due to the influence some disorders
have on HRV and cortisol measures (see section 2.1), potential participants were excluded if they
reported a prior or current diagnosis of an anxiety or stress-disorder, diabetes, CVD, or if they
were pregnant or breast feeding. In addition, those with musculoskeletal back or hip conditions
were also excluded. Any individuals who indicated they would not be comfortable laying on
their back for a period of 15 minutes without pain were also excluded. Of the 89 participants who
completed the pre-screening, 15 were deemed ineligible.

The process of participant selection (Figure 3) was intended to increase homogeneity
between the final nsCLBP group and noPain group, and to limit the influence of age and sex in
between group comparative analyses of heart rate variability, passive hip extension and cortisol
concentration. The 74 eligible participants were categorized as either eligible for the noPain
(n=50) or nsCLBP (n=24) group as indicated in their pre-screening questionnaire. Each of these
preliminary groups were then sorted by biological sex. All eligible participants in the nsCLBP
category were invited to participate first. They were sent the Letter of Information for Implied
Consent (Appendix E) explaining the protocols, a copy of the pre-test protocol (Appendix F) and
sent a link to self-select an available 45-minute time slot through an online appointment
calendar. These volunteers were given 10 days to book an appointment in an available 4-week
time period. In addition, they needed to confirm they had received the letter and could adhere to
the pre-test guidelines. Nineteen volunteers (M = 10, F = 9) booked appointments through this
process and made up the participants in the overall group who reported experience of nsCLBP
group. These individuals were sorted by biological sex, then each sex group was organized by

age. The remaining 50 volunteers (noPain category) were also sorted by biological sex and age.
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A preliminary matching by sex and closeness in age (+ 6 yrs) was made between the nsCLBP
participants and the remaining volunteers. Any duplicate age-sex matches were paired by
random assignment. Of the 50 remaining volunteers, 19 were matched with the nsCLBP
participants and contacted to participate. Six of these volunteers were removed as unresponsive
or voluntarily withdrew from the study. Remaining noPain volunteers were contacted to
participate following the same protocol, with closest matching until the group was full. Forty
participants formed the overall sample group (n =40; M = 18, F = 22), twenty-one of those
participants (M = 8, F =13) were categorized as “noPain”.

From the overall sample group, further refined nsCLBP and noPain final subgroups were
formed to create the largest groups possible with an equal number of males and females who
age-matched. Each subgroup had 17 individuals (M = 8, F =9). An independent t-test, including
Levene’s test for homogeneity of variance, was performed to determine age homogeneity
between the nsCLBP and noPain groups.

To ensure physical activity levels had limited influence on between-group comparisons,
questionnaires were reviewed to confirm there was no large disparity in activity level between
the groups. Participants reported participation in an activity if they participated in it a minimum
of twice per week on a consistent basis. Each activity selected was given a score of one, then all
activity scores were summed to create a cumulative activity score. Disparity was considered a
score of 0. No participants were eliminated due to physical activity disparity. A two-tailed
independent samples t-test was performed to compare participation in each physical activity
between the groups. A Fisher’s exact test was performed to test association between participation

in each activity and nsCLBP. Prior to arriving to the testing location, all participants performed



55

a self-check for symptoms of COVID-19. The question-based health check was performed again

verbally by the lead researcher upon arrival for testing.

Figure 3
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3.3 Data Collection Procedures
Participants self-registered for one 45-minute time slot that fell within 2 hours of normal
waking time and was between 6 am and 10am. Each participant had all variables measured in a
single visit, at the same location (Ashtanga Yoga Victoria). The testing room was private,
temperature-controlled at 21° Celsius, quiet and without interruption with just the participant and
lead researcher present. All participants were measured within one 6-week period. In the pre-test
guidelines, participants were asked to refrain from consuming alcohol or using recreational drugs
for 24 hours prior to their appointment, to refrain from any form of physical activity that was
more than 2 blocks of walking to the appointment, and to avoid consumption of caffeine or other
stimulants the morning of their appointment. In addition, they were asked to avoid eating or
brushing their teeth within 30 minutes of their scheduled time. Upon arrival for testing, all
participants confirmed to following the pre-test requirements. Before beginning to take
measurements, the researcher confirmed that answers provided in the participant’s pre-screening
questionnaire were still valid and answered truthfully, in addition to ensuring waking time was
less than 2 hours prior.
3.3.1 Testing Protocol
1. Participants were asked to rate their current sense of life stress level (Rate of
Perceived Stress; RP) on an unvalidated 9-point Likert scale. Participants in the
nsCLBP group were asked to rate their current pain level on an unvalidated 9-point
Likert scale. Ratings were recorded on the data sheet as a number from 1-9.
2. Participants were fitted with an Equivital EQ02 Life Monitor for HRV measurements.

The order of the data collection procedures was explained and is detailed below.
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3. Saliva Sample Collection: A 1.8mL saliva sample was collected for analysis of
baseline morning cortisol levels via passive drool according to the Salimetrics
Immunoassay protocols for cortisol (Salimetrics, 2021b). The sample collection tube
was pre-labelled with the participant’s unique alphanumeric identifier, which was
also noted on the data collection sheet. The individual was instructed to fill the
1.8mL collection tube with their saliva. The individual capped the sample tube and
placed it in a Ziploc bag, which was also pre-labelled with the participant’s identifier
and placed that bag into a cooler with ice blocks. The samples were held on ice for a
period of no longer than 4 hours before being transferred to a freezer where they were
stored at -20°C for no longer than 10 weeks while awaiting subsequent analysis
(Garde & Hansen, 2009). Assays were performed on the saliva at a Biosafety Level 2
certified laboratory at the University of Victoria following the Salimetrics expanded
range high sensitivity enzyme immunoassay protocol (Salimetrics, 2021b).

4. Prior to the Modified Thomas Test, the Equivital EQ02 Sensor Electronics Module
(SEM) was removed from the participant’s Equivital EQ02 Life Monitor harness, and
its contents read through the computer software to ensure the device was functioning
and recording properly. These data were not saved or used in any statistical analysis.
The SEM was then returned into the harness. Any adjustments required due to lack of
recording were made and the device retested.

Modified Thomas Test: The participant was familiarized with the procedures
for the Modified Thomas Test. Manual palpation of the relevant landmarks was
performed by the lead researcher, who has 20 years of landmark palpation experience,

to identify the location of the greater trochanter and lateral femoral condyle. To
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landmark the femur, adhesive markers were placed on the greater trochanter and
lateral femoral condyle of the participant’s right and left legs. The participant lay
supine on a firm treatment table, with both knees bent, the hip joint at approximately
135-degrees and feet supported by a step. The participant was instructed to feel the
back of their pelvis and lower back on the table, but not their tailbone. This
positioning was monitored by the researcher by visually checking the greater
trochanter marker, which lined up just past the end of the table, and the gluteal fold
being at the edge of the table. This ensured the table did not impede available
extension of the femur at the hip during the test. The researcher placed their hands
under the participant’s lumbar spine, and asked the participant to press into their
hand, bringing the pelvis to neutral while the feet remained supported by the step.
This was to ensure the participant possessed enough strength in the abdomen to help
prevent anterior tilting of the pelvis and increasing lumbar lordotic curve.

The test was performed twice on each side and measured each time with a
goniometer. To measure passive hip extension angle, the participant was instructed to
pull the opposite knee to their chest, holding it with their hands and lift their
shoulders away from the bench, as shown in Figure 4. The researcher then removed
the step from under the primary leg and placed the fulcrum of the goniometer at the
center of the greater trochanter adhesive marker. The stationary arm was lined up
with the lateral midline of the pelvis (0°) and the movement arm moved to line up
with the lateral midline of the femur as indicated by the lateral epicondyle marker.

The participant was in the position less than 10 seconds for each test on each side.
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Goniometer measurements less than 180° were recorded as negative angles. For
example, a measurement of 160° on the movement arm was recorded at -20°.
Figure 4

Modified Thomas Test

e

Note. This image was taken during pre-study reliability testing using an inclinometer. It is shown here to

demonstrate the positioning of the individual during the modified Thomas test.

This procedure was repeated for the second leg, then again for a second time on
each leg. For all participants, the left side was measured first. The participant’s body
position was checked between each test. During the test, the researcher visually
monitored for adduction or abduction of the thigh and knee extension, verbally
instructing the participant to make necessary corrections to remain in the sagittal
plane with the quadriceps muscles relaxed. These control procedures were aimed to
capture a hip extension measurement that was limited by the iliopsoas and not the

tensor fasciae latae, the hip adductor muscles, or the rectus femoris.
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5. Resting HRV: Immediately following the Modified Thomas Test, participants were
positioned supine on a mat on the floor for a single 12- minutes duration to collect
HRYV data via the SEM. Blankets were available to ensure comfort, the lights were
dimmed, mobile devices silenced and there were no interruptions for any participants.
Participants were instructed to lay with their arms on the floor and to remain as still as
possible for the full 12 minutes. This time frame allowed for a 5-minute wash-out
period and the recommended 5-minute segment, from 00:05:00 — 00:10:00, for
analyses (Shaffer & Ginsberg, 2017a). The data were computed through Kubios
software.

6. At 12 minutes, participants were informed the protocol had been completed.

7. In the time period between participants, approximately 15 minutes, the data were
extracted from the SEM and saved to an excel file labeled with the participant’s

alphanumeric identifier code for later analysis.

Table 1 includes the instruments used in the study procedures. Validity and reliability of
these instruments has been documented and discussed in Chapter 2.
3.4 Statistical Analyses

All statistical analyses were completed using IBM SPSS Statistics Version 28.0.0.0.
Initial descriptive statistical analyses were performed for each variable. T-tests were performed
to determine if any significant differences in age between the sexes existed for each group. This

was done to ensure age or sex differences had limited effect on HRV, HE and CORT data.
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For clarity, the data analyses procedures are separated below by each research question.

In addition, some post-hoc supplemental analyses were performed to support thorough

discussion of the results and are presented in Appendix G. Missing data were handled on a

case-by-case basis, dependant on the appropriate method for the type of data (Chapter 4).

Outliers were removed from the analysis for that variable. All statistical testing was conducted

with a significance level set at a = 0.05, therefore when p < 0.05, the research hypotheses as

stated in Chapter 1 are accepted.
Table 1

Study Instruments and Measures

Variable Instrument & Test Name Measurement
Salivary Stress Salimetrics ELISA cortisol concentration in mg/dL converted to
Substance Immunoassay nmol/L (CORT)

Heart Rate Variability =~ Equivital EQ02 Life Monitor
(HRV)
Kubios HRYV software for data
conversion

lliopsoas Tightness Modified Thomas Test
(IPt)

Passive Hip Extension Medical 12” goniometer
(HE)

Non-specific Low Pre-Screening Questionnaire
Back Pain
Perceived Stress Verbal Self-Report

(Stress RP)

Low Frequency power in ms? (LF)
High Frequency power in ms? (HF)
LF/HF Ratio (LF/HF)

Standard Deviation of normal-to-normal
R-R-Intervals in ms (SDNN)

Passive Hip Extension Left, Right
(HER, HE L)
Degrees of femur extension at the hip,

relative to lateral line of pelvis

Presence of low back pain
(nsCLBP or noPain)

Likert Scale 1-9
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3.4.1 Research Question 1
What is the relationship between iliopsoas tightness (IPt) as measured by hip extension
angle (HE), and physiological stress as measured by Heart Rate Variability (HRV) in an
adult population?

Because each measure for HE was taken twice, the mean value for each leg and was used in the

relevant analysis. For example: HE L= HE L1+ HE L»

2

To determine the relationship between HE and HRV a Pearson bivariate correlation
analysis was performed with data from the overall group (n = 39). Table 2 displays the variables
that were measured and used for the correlation analysis. Next, to further explore the
functionality of any measured relationship, and again using the data from the overall group (n =
39), a simple linear regression analysis was performed to determine how HE predicts changes in
HRV. Age and sex were added as independent variables in a multivariate regression model to
test significance of any confounding effects of age and sex.
Table 2

Variables used in Statistical Analyses for HRV — HE Relationship Determination

HRV Hip Extension
LF HE L

HF HE R

LF/HF

SDNN
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3.4.2 Research Question 2

What is the relationship between iliopsoas tightness (IPt) as measure by hip extension

angle (HE), and physiological stress as measured by morning cortisol levels (CORT), in

an adult population?
As with research question 1, a Pearson correlation coefficient was computed to assess the linear
relationship between CORT and HE for the overall group (n = 39, Table 3). The remaining
analyses addressing this research question and testing the hypothesis, followed the same steps as
the analysis for question 1, however, the HRV measures were removed as variables and replaced
by CORT. Regression was run in the direction of HE as a predictor for changes in CORT.
Group-wise CORT-HE and HRV-HE associations were examined using Pearson bivariate
correlation analysis for each subgroup (nsCLBP and noPain). A Fisher’s transformation was
performed to test the difference in correlations between the nsCLBP group and noPain group.
One-tailed paired t-tests were performed to test between group differences in stress measures.
Table 3

Variables used in Statistical Analyses for CORT — HE Relationship Determination

Salivary Cortisol  Hip Extension
CORT HE L
HE R

3.4.3 Research Question 3
Is there a significant difference in iliopsoas tightness as measured by hip extension (HE)
between adults who report incidence of Non-Specific Chronic Low Back Pain (nsCLBP)
and those who do not?

A one-tailed independent t-test was used to compare the difference in HE between the nsCLBP

group (n = 17) and noPain group (n=17). In addition, a post-hoc one-tailed paired t-test was
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performed to test for significant difference between the right and left side measures for each
group.
3.4.4 Supplementary Analyses

To assess the effect of age on the stress-HE relationship, Pearson correlation analysis was
performed to determine if a significant relationship existed between age and HRV, age and
CORT and age and HE. Sex was added to the regression models as a predictor variable to test
significance of any confounding effects of sex on the prediction accuracy of changes in HRV and
CORT from changes in HE.

Post-hoc analyses were performed to provide supplementary information useful to
interpreting the results. This included correlation comparisons using z transformation for age-
controlled HE-Stress correlations (Diedenhofen & Musch, 2015; Hittner et al., 2010), partial
correlation analyses controlling for age in HE-Stress correlations, the addition of Rate of
Perceived Stress (Stress RP) as a variable in hip extension correlation analyses and t-tests for sex

differences between the nsCLBP group and noPain group.
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Chapter 4: Results

The results for this study are explained below first by presenting overall descriptive
statistics for whole the sample, groups and key variables. Following that, each research question
and corresponding hypothesis from Chapter 3 are restated and the results presented. Additional
supplementary results are included in Appendix G.

There were two measurements with missing data. One participant (F, 64y) was unable to
perform the Modified Thomas Test due to their inability to control the pelvis in a neutral
position, in addition to experiencing extreme discomfort during the required movement. The
individual was removed from the analysis as the hip extension measures are hypothesized to be
related to other variables, therefore the overall group had 39 participants. The second piece of
missing data was HRV from the Equivital SEM for one individual (F, 63y, noPain group).
Because all other data were available for this participant, and the data were considered missing
completely at random, the mean of the overall group’s measurements for HRV (SDNN, LF, HF,
LF/HF) replaced the participant’s missing data and the individual was included in the analyses
(Grace-Martin, n.d.; Kang, 2013).

4.1 Sample Description

Table 4 shows the age and sex of the overall, nsCLBP and noPain groups. More females
(n=21) than males participated (n=18) in the study, with no significant difference in age between
the sexes (#(37)= 0.21, p = .84). Both the nsCLBP group and noPain group had seventeen
participants (9 female) with no significant difference in age between groups (¢#(32) =-.37,p =
.71; two-tailed). The nsCLBP group had a slightly larger age range than the noPain group, with

no significant age difference between males and females for any group.
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Table 4

Mean Age in Years by Sex and Group

Group Sex n Mean SD Min Max
(years)

F 21 44.7 124 24 63

Overall M 18 45.3 10.2 23 59
Total 39 45.1 113 23 63

F 9 45.2 13.6 24 63

noPain M 8 43.6 10.9 29 59
Total 17 45.1 121 24 63

F 9 47.4 144 26 63

nsCLBP M 8 44.4 10.9 23 57
Total 17 46.1 125 23 63

Of the 17 participants in the nsCLBP group, 15 (78.95%) reported the presence of some
level of pain on the morning of their testing. When rating their current pain level (1-9), most
individuals with pain present reported a level of 2 out of 9 or less (66.67%), and all reported a
pain level less than 6.

Although not a requirement for participation in the study, all participants reported being
physically active in at least one activity twice per week. The t-test (two-tailed) did not show a
significant difference in cumulative physical activity scores between the nsCLBP group and
noPain group (¢#(32)=-0.16, p = .88); the distribution of activity frequency for each group is seen
in Figure 5. More detailed results for participant’s physical activity can be found in Appendix G.

All participants reported that they followed the pre-test guidelines provided to them: they
did not participate in any exercise, including stretching, consume caffeine or other stimulants, eat

or brush their teeth the morning of the measurements. All reported having refrained from
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alcohol and recreational drugs for the 24hours prior to the testing. All variables for all groups
passed Shapiro-Wilks test for normality.
Figure 5

Number of Physical Activities Reported by Participants by Group (n = 17)

noPain nsCLBP

w1 activity

m 2 activities
= 3 activities
m4 activities

m 5 activities

Note. 0% of individuals in the nsCLBP group participated in five activities; 0% of individuals in the noPain

participated in four activities.

4.2  Findings by Research Question
4.2.1 Research Question 1
What is the relationship between iliopsoas tightness (IPt) as measured by hip extension
angle (HE), and physiological stress as measured by Heart Rate Variability (HRV) in an
adult population?
Significant correlations were found between stress and hip extension angles in the overall
group (n=39). HRV measures of SDNN and HF showed significant positive correlation with
both the left and right side measures of HE (Table 5), with the highest correlation being between

the right side measures and HF (#(37) = .43, p = .004). LF/HF showed significant negative
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correlation (Table 5), with the left side only. LF did not show significant correlation with HE in
the overall group. The post-hoc analysis of difference in age-controlled correlations can be
found in Appendix G, Table G3.

Table S

Correlations for Physiological Stress Measures and Hip Extension Measures in degrees (n = 39)

. SDNN LF HF CORT
Variable (ms) (ms?) (ms) LF/HF (mol/L)
HE L .29* .02 .36* -.36* -.26*
p .04 45 .01 .01 .05
HER A1x* .20 A3** =21 -.24
p .005 12 .004 .10 .06

Note. One-tailed Pearson correlation. Prob > [r[ under HO: Rho = 0.
LF, HF, LF/HF n = 38 due to the removal of the outlier.

*p<.05; **p<.005

Simple linear regression analyses were used to test if HE significantly predicted each
stress variable. Using the significant HE-Stress correlations from Table 5 (Thomas et al., 2015),
R’ values showed that between 13.0% (HE L — HF or LF/HF) and 19.0% (HE R — HF) of the
variance in stress measures can be accounted for by changes in hip extension angle (Table 6).
The regressions predicted that SDNN (B = .41, p = .01), and HF (B = .43, p = .01), have the
greatest increases when right side hip extension is increased by one degree, whereas LF/HF was
significantly decreased when left side hip extension increased. Regression accurately predicted
HF from both right side and left side measures of HE (Table 6). SDNN was only accurately
predicted from HE R. A summary of the hip extension angle for stress measures predictions are

shown on Table 6.



69

Table 6

Regression Summary for HE as predictor of Physiological Stress (n=39)

95% Cl Standardized
Effect R? Coefficient SE p Coefficient
LL uL 8
HE L
SDNN .09 0.63 0.34 -0.06 1.332 .07 .29
HF' 13* 25.04 10.88 2.98 47.11 .03 .36
LF/HF* 3% -0.21 0.09 -0.39 -0.03 .03 -.36
CORT .07 -0.14 0.08 -0.30 0.03 .10 -.26
HER
SDNN A17* 0.97 0.35 0.26 1.69 .01 41
HF' .19%* 32.72 11.46 9.48 55.96 .01 43

Note. fOutlier removed n = 38; * p < .05

Group-wise HRV-HE Association

nsCLBP Group: In the nsCLBP group, SDNN showed moderate to high significant
positive correlations with HE on both sides. HF also showed significant positive correlations for
both HE R and HE L. LF showed significant positive correlation with the right side, but not the
left side. The LF/HF ratio was not significantly correlated with hip extension in the nsCLBP
group. Correlations by group and associated p values are in Table 7.

noPain Group: By contrast, in the noPain group, no significant correlations were found
for SDNN, HF or LF with either right or left side HE. LF/HF showed a moderate significant
negative correlation with the left side HE in the noPain group (Table 7).

The Fisher’s r to z transformation showed that the difference in correlations between the
groups was significant for SDNN for HE L and HE R measures (Table 7). The differences in

HRYV measures between the groups were not significant (Appendix G, Table G1).
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4.2.2 Research Question 2
What is the relationship between iliopsoas tightness (IPt) as measure by hip extension
angle (HE), and physiological stress as measured by morning cortisol levels (CORT), in
an adult population?
As shown above, in Table 5, there was a negative correlation between CORT and HE, which was
significant for HE L, in the overall group (n=39). Simple linear regression showed non-
significant variance measured in CORT can be accounted for by HE (Table 6). CORT was not
accurately predicted by HE R or HE L.

Group-wise CORT-HE Association

There was no group-wise significant correlation for CORT. The Fisher’s r to z
transformation did not show any significant difference in CORT correlations between the
nsCLBP and noPain group (Table 7) nor did the t-test (one-tailed) show a significant difference
in CORT between the nsCLBP group and noPain group (¢ (32) = .29, p = .39; Appendix G, Table

G1).
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Table 7

Correlations for Physiological Stress Measures and Hip Extension Measures in Degrees

By Subgroup (n=34)

SDNN LF HF CORT
Group (ms) (ms?) (ms?) LF/HF (nmol/L)
HE L
noPain -12 -15 22 -.52% -.34
p 32 .28 .20 .02 .09
nsCLBP .68** .40 49* -.26 -22
p .001 .06 .03 17 .20
Fisher'sz —~  47* 1.49 81 81 34
p .01 .07 21 21 37
HER
noPain 19 0.13 27  -0.35 -30
p 23 0.32 .15 0.08 13
nsCLBP .735%* 61* .59* 0.16 -.28
p <.001 0.01 .01 0.27 14
Fishersz 1 gg* 1.53 46 1.40 -.20
p 0.02 .06 32 .08 42

Note. * p <.05; ** p <.005; one-tailed Pearson r. Prob > [r| under HO: Rho = 0.
nsCLBP n = 16 for LF, HF, LF/HF correlations due to the removal of a single outlier.
Fisher’s z shows r to z transformation for difference in correlation coefficient between

groups and associated p values.

4.2.3 Research Question 3
Is there a significant difference in iliopsoas tightness as measured by hip extension (HE)
between adults who report incidence of Non-Specific Chronic Low Back Pain (nsCLBP)
and those who do not?
Shown in Table 8, the nsCLBP group measured significantly lower ranges of motion than

the noPain group for both the left and right side hip extension. The largest difference in means of
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HE between groups was on the right side, 8.96° = 3.10 (¢ (32)= 2.88, p =.003). The large effect
sizes, ranging from d = 7.89 — 9.32 for HE measures demonstrate the level of practical
significance.

Table 8

Mean Hip Extension in Degrees by Group (n=34)

nsCLBP (n=17) noPain (n=17)
Measure
Mean (°) SD Mean (°) SD Difference (°)  SE Diff. t p
HE L -10.98 12.86 -2.71 6.85 8.23* 3.53 2.34 .01
HE R -12.82 10.70 -3.86 7.05 8.96** 3.10 2.88 <.005

Note. * p £ .05, ** p < .005, one-tailed.

A paired sample t-test (one-tailed) found no significant difference in hip extension

between sides for either group (nsCLBP #(16) = .80, p =.44; noPain ¢(16) = .84, p = .41).
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Chapter 5: Discussion

This study examined possible relationships between measures of physiological stress and
tightness in the hip flexors in adults with and without nsCLBP. Numerous other studies have
focused on various aspects of the stress-pain-tension relationship, however none of them have
investigated this specific research concept. The primary findings show a significant positive
correlation between stress and hip flexor tightness, with stronger relationships among individuals
who report experience of nsCLBP. Specifically, lower hip extension (HE) angles were found in
the nsCLBP group, in addition, lower HE angles were correlated with lower HRV. Significant
correlations found between different measures of HE and cortisol provide further evidence of the
stress-tension relationship.

5.1 Stress-Muscle Tension Relationship

Question 1: What is the relationship between iliopsoas tightness (IPt) as measured by hip

extension angle (HE), and physiological stress as measured by Heart Rate Variability

(HRYV) in an adult population?

Hi: There is a positive relationship between hip extension range of motion (HE) and

HRYV in an adult population that indicates lower HE, greater tightness in the iliopsoas

with measures of HRV that indicate a higher stress response.

The significant positive correlations found between HE and HRV measures of SDNN and
HF support the H; research hypothesis. These results suggest that less tightness in the IP as
measured by higher HE is associated with better autonomic regulation. Likewise, a significant

negative correlation was established between LF/HF and HE.



74

5.1.1 HE-HRYV Time Domain

While HRV time domain measures, such as SDNN, express a more comprehensive assessment
of HRV over a 24-hour period, the use of a consistent 5-minute measure for all participants in
this study validates the comparison of SDNN values with other variables and individuals within
the same study (Malik et al., 1996). The variability in these short-term measures is primarily due
to the parasympathetic influence on respiratory sinus arrhythmia (RSA) (Shaffer & Ginsberg,
2017). Therefore, the significant positive correlation found between SDNN and HE in this study
represents the relationship between IP tightness and the parasympathetic contribution to resting
daytime HRV.

For comparison, the most relatable research comes primarily from intervention studies in
massage or stretching techniques. A study by Delaney et al.(2002) focused on using tension
releasing massage in the back and shoulders and reported measures following the treatment that
displayed a decreased stress response. They measured a 17% decrease in LF/HF, 28% increase in
SDNN, and 90% increase in HF. Farinatti et al. (2011) also measured an increase in SDNN
after trunk and hamstring stretching in low flexibility individuals when compared to pre-
stretching baseline. The increase in SDNN is indicative of enhanced vagal modulation of heart
rate or increase in parasympathetic activity. By contrast, a 2021 study by Lee and Lee (2021)
did not find a significant difference in any HRV measures after myofascial treatment. They did,
however report significant improvement in trunk (sit and reach) and shoulder (back scratch test)
range of motion. Lee and Lee used one bout of 1-minute foam rolling self-myofascial release
(SMR) on thoracic, lumbar, quadriceps, hamstrings, gluteal and calf target areas. Although they
measured significant improvement in the two flexibility tests, they did not find a significant

correlation between range of motion and HRV. Despite evidence of SMR improving pain
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perception in athletes (Nakamura et al., 2019), for deconditioned individuals SMR may be
painful (Nakamura et al., 2021). This pain activates nociceptors, which in turn decreases HRV
due to increased SNS activity. Any HRV effect potentially created by the increase in range of
motion in the Lee and Lee study could be dampened by the amount of SNS activity from the
painful stimulus. There was no indication in the methods that participants were screened for
chronic pain symptoms, which could be exacerbated by the treatment and stimulate a prolonged
nociceptor response (Ferrer-Montiel et al., 2016). SMR has been shown to increase pain
threshold in the specified area, however the single bout used in the Lee and Lee study may not
meet the required dose for such an outcome (Nakamura et al., 2019). The results from the
current study support the previous work by both Farinatti et al. and Delaney et al. by also
identifying a positive correlation between decreased muscle tension and increased SDNN. This
study also augments previous findings by using the objective Thomas test measure for muscle
tightness.
5.1.2 HE-HRYV Frequency Domain

The significant negative correlations found between the LF/HF ratio and HE L in the
current study further support Hi. A simplified explanation of the LF/HF ratio is that its value
displays the level of autonomic balance (Shaffer & Ginsberg, 2017a), and a more precise
explanation is that an LF/HF ratio above 2.0 indicates a dominance in the contribution of the
SNS to HRV (Nunan et al., 2010). In the present study, LF/HF means for all groups were greater
than 2.0. This indicates that on average the participants in the study showed signs of
sympathetically dominant autonomic control on testing day. Sympathetic dominance indicates a
system is under stress. Although the source of 100% of the stress cannot be identified by the

current study, what can be identified is that individuals with more tightness in the iliopsoas were



76

exhibiting LF/HF measures indicative of individuals who may be under high amounts of stress.
The main limitation of hip extension range of motion in the Modified Thomas Test has been
primarily identified as tightness in the iliopsoas (IP), caused by muscle tension or tissue stiffness.
One potential explanation of these results is that tension in the IP elicits pressure on the dense
network of mechanoreceptors in the lumbar and visceral areas which results in the increase in
SNS activity (Kaufman & Hayes, 2002; Lydakis & Sinoway, 2007; Murayama et al., 2012). The
more tension, the greater stimulation of mechanoreceptors and the higher the SNS activity. It is
also possible that an increase in psychological stress has created a physiological stress response
which increases muscle tension, making the relationship bi-directional (Nyboe et al., 2017).

When considering LF and HF as individual metrics, outside of the ratio, LF is often taken
to be associated with activity in the SNS when breathing is not controlled, where higher HF
accompanies higher overall HRV and higher PSNS tone (Shaffer & Ginsberg, 2017). LF,
however, is mediated by both sympathetic and parasympathetic activities (Malik et al., 1996). In
the current study, there was no significant relationship between HE and LF in the overall group,
which is consistent with other studies that have explored the muscle tension-stress relationship
(Farinatti et al., 2011; Wong & Figueroa, 2021).

HF was the HRV measure revealed to be the most influenced by changes in IP tightness
(Table 3). These findings support the hypothesis by relating less IP tightness to increased PSNS
tone. Previous studies using static stretching protocols for the trunk, hamstrings, and calf
muscles have shown an increase in PSNS activity measured by increased HF after stretching
(Wong & Figueroa, 2021). One outlier is a study by Silva et al. (2016) that did not report an
increase in HRV after active static stretching. The difference in the findings can be attributed to

the low volume of stretching used by Silva et al. which may not have been enough to produce
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significant changes in autonomic function. Silva et al. also only measured young (mean age of
22), trained men and used a small sample size. Since HRYV is significantly correlated with age,
and a higher volume of stretching may be required to elicit changes in HRV in young, fit men
compared to older, untrained individuals, the outcomes of Silva et al. may be questionable due to
methodological issues (Farinatti et al., 2011; Wong & Figueroa, 2021).

The strong bidirectional relationship between muscle tension in temporomandibular jaw
disorder (TMJD) and stress reported by (Glaros et al., 2016)is also supported by the current
study. Glaros et al., however, did not use a range of motion test, but used a subjective scale for
rating the amount of muscle tension in TMJD in relationship to stress.

A consistent limitation of the relevant research in this area is the lack of objective
measure of muscle tension or tightness or range of motion, apart from the Lee and Lee (2021)
study. The current study stands apart in its examination of the muscle tension-stress relationship
with the use of defined objective measures of both muscle tension and stress. In addition, no
other studies targeted the IP or hip extension specifically. An important part of the rationale for
the current study is the focus on the IP, which, due to its biomechanical contributions to the
lumbar spine and hip joints, proximity to the lumbar plexus, visceral organs and connection to
the diaphragm has unique potential for tension in response to stress or initiation of SNS activity
when tense or tight. The present findings extend previous research to include a positive
correlation between higher parasympathetic tone as measured by higher HF and increased hip

extension angle, indicating less tension in IP.
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5.1.3 HE-Cortisol

Question 2: What is the relationship between iliopsoas tightness (IPt) as measure by hip
extension angle (HE), and physiological stress as measured by morning cortisol levels (CORT),
in an adult population?

Ha: There is a significant negative relationship between iliopsoas tightness as measured

by hip extension range of motion and morning cortisol, in that on average, lower CORT

is correlated with greater HE.

The significant negative correlation between CORT and left side HE suggests that less
tension in IP is related to lower levels of daytime cortisol, and thus supports H>. Although CORT
displays a diurnal cycle throughout the day including increased secretion in periods of stress, in
general, a lower daytime CORT indicates a well-regulated neuroendocrine system (Adam et al.,
2017; Hannibal & Bishop, 2014; Joseph & Golden, 2017). A well-regulated neuroendocrine
system is present in individuals who either are not under increased psychological stress or have
healthy physiologic adaptability to stress (Adam & Kumari, 2009; Cohen et al., 2007b;
Vanitallie, 2002).

Cortisol’s role in modulating inflammation in the body is an important consideration in
understanding the relationship between CORT and HE. Although acute release of cortisol serves
to decrease inflammation (Adam & Kumari, 2009), chronic, prolonged cortisol release can lead
to cortisol dysfunction and increased stiffness in the collagen network present in connective
tissues, including tendons (“Devastating Impact of Stress on Collagen”, 2023). The fascial
matrix of the myofascial system may become dense and stiff, limiting the muscle’s ability to
shorten and lengthen (Maganaris et al., 2017; Schleip et al., 2010). The result is a decreased

available range of motion around the joint the muscle acts on. Another possible mechanism is
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the role of cortisol in the mobilization of amino acids in response to increasing energy demands
or needed protein synthesis during stress (Deussing & Chen, 2018). Amino acids may be
mobilized from muscle tissue which decreases the number of muscle fibres, and can decrease the
rate of collagen synthesis which is needed to allow shortening and lengthening of the muscle,
again restricting joint range of motion (Deussing & Chen, 2018; Maganaris et al., 2017; Schleip
et al., 2010).

There is limited research investigating the relationship between salivary cortisol and
muscle tension, tissue stiffness or range of motion. The current study is the first of its kind to
specifically measure the relationship between CORT and hip extension range of motion.
However, drawing on research in the areas of massage, stretching and yoga, we can gain more
clarity. Pinar et al. (2015) measured a significant decrease in CORT following one week of daily
back massage when compared with controls. Yoga postures (Kuen, 2019) and static stretching
(Behm et al., 2021; Corey et al., 2014) have also been shown to increase range of motion. Eda et
al. (2020) measured a decrease in salivary cortisol after a stretching based yoga protocol.
Although the study confirmed the relaxation effects of yoga, no non-yoga simple stretching
group was used for comparison, nor was range of motion or muscle tension measured to rule out
any decrease in muscle tension as a possible contributing mechanism to the measured decrease in
cortisol. Although it is plausible that the psychological relaxation effects of each yoga and
stretching were responsible for the lower cortisol, an earlier study by Corey et al. (2014) reported
a significant decrease in salivary cortisol in a stretching group over a relaxation-based yoga
group, indicating the stretching activity component of yoga itself is an important factor to
consider in the relationship. By contrast, Fuller & Stewart (2010) did not find a significant

difference in cortisol following a short bout of static stretching. Fuller & Stewart however,
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measured cortisol after only one session of partner-assisted stretching in 13 young subjects,
where Corey et al. followed a 6-month protocol in 136 subjects. The methods of Corey et al.
were specifically designed to isolate the effects of the relaxation response in the yoga group
where the stretching protocol in the study was design by a physiotherapist with the goal of
“mobilizing soft tissue to improve muscle length and range of motion” (Corey et al., 2014). In
addition, Corey et al. recorded a decrease in self-reported stress ratings in the stretching group,
and not the yoga group. The results by Corey et al, are highly relevant to the current study as the
aim of the protocol which resulted in the decrease in cortisol was explicitly designed to increase
range of motion. While Corey et al. attributed the cortisol change in the stretching group to
psychosocial factors, the study did not objectively measure muscle tissue length or range of
motion or include discussion that the increase in range of motion could be a potential
contributing factor in their results, as shown in the present study.

In the current study, the fact that the left side HE only showed significant negative
correlation with CORT, but the right side did not, may be meaningful. It is possible that the
relationship between CORT and HE is not linear. HE L was, on average, larger than HE R,
which can be interpreted as less muscle tightness on the left side. Although the difference was
not statistically significant, it was enough to impact the significance of the correlation with
CORT. Since lower HE values did not significantly relate to higher CORT, it cannot be
concluded from this study that increased muscle tension in the PM elicited a neuroendocrine
stress response or that CORT caused a detrimental change in the tissue. However, the results do
support the previous literature by indicating that a decrease in tissue stiffness, or muscle tension

may influence neuroendocrine function, and vice versa.
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5.2 Stress-Muscle Tension Relationship in Presence of nsCLBP

Although there were no significant differences in stress measures between the nsSCLBP
and noPain groups (Appendix G, Table G2), the correlations between HRV and HE when
examined by group reveal some interesting findings. The strength of the relationship between
HE and parasympathetic influence on HRV is shown to be greater when back pain is present.
This is evident in the strong significant correlations between HE and SDNN and HE and HF in
the nsCLBP group, that are not present in the noPain group. Even though the lower SDNN and
HF measures in the nsCLBP group did not show a significant difference from the noPain group
(Appendix G, Table G2), the difference is very relevant when considering how changes in
muscle tension or pain are included, and therefore has a level of practical significance. The
current data do not provide a precise explanation for the mechanism behind this shift, but it does
imply that there exists a complicated, interrelated dynamic between IP tightness, autonomic
activity and pain. This supports previous research that links muscle tension, pain and stress
(Glaros et al., 2016).

It cannot be determined from the current study if hip flexor tension is solely responsible
for the higher measures of stress in individuals who display less range of motion in hip
extension. The regression was conducted to use HE as a predictor of stress to provide a unique
perspective on the relationship, since stress has previously been shown to contribute to muscle
tension via SNS arousal. Despite this methodological decision, it is likely that the relationship
between stress and IP tightness is bi-directional. In addition, stress can be physical or
psychological, current or anticipatory, and changes in CORT and decreases in HRV can occur
for many different reasons. Asking participants to rate current stress levels attempted to rule out

perceived or anticipatory stress as responsible for any increase in stress measures, in addition to
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controlling the environment by setting a comfortable room temperature, dim lighting and
consistent time windows for measures. However, sleep duration and quality, respiration rate,
fitness level, life factors, historical substance use, or regular hormone cycles were not controlled
for and can also influence these measures (Cohen et al., 2019). Likewise, passive range of
motion in hip extension can be related to genetics, joint structure, mechanical and neural factors,
inflammation, muscle fibre distribution, hormone circulation, connective tissue density, joint
pathologies, delayed onset muscle soreness, abdominal strength, training history, psychological
factors and lifestyle factors (Mitchell et al., 2022; Mizuno, 2017; Neumann, 2010).

Overall, the current study’s findings are consistent with previous intervention research
that show physiological stress measurements indicative of higher parasympathetic tone and
lower cortisol levels are related to less muscle tightness. Moreover, the present study enhances
our understanding of this relationship by demonstrating a noteworthy correlation between larger
hip extension range of motion — which is in part attributable to less tension in the IP —and
increased HRV as well as reduced daytime cortisol levels.

5.3 Muscle Tension-Pain Relationship

Question 3: Is there a significant difference in iliopsoas tightness as measured by hip

extension (HE) between adults who report incidence of Non-Specific Chronic Low Back

Pain (nsCLBP) and those who do not?

Hs: There is a significant difference in hip extension range of motion in individuals with

back pain vs individuals without low back pain, in that individuals with nsCLBP measure

lower hip extension angles.

Participants with nsCLBP had significantly lower HE when compared to those without

nsCLBP (Table 8). These results add to previous research which has identified significant
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correlations between tightness in the hip flexor muscles using the modified Thomas test (MTT)
and nsCLBP (Kim & Shin, 2020; Shin, 2020). Using a similar protocol to this current study,
Roach et al. (2015) found a 10-degree difference in the MTT measured hip extension between
those with nsCLBP and those without. The results of the present study show a similar difference
between the groups (9-degrees; Table 8). The systematic review of the relationship between hip
mobility and nsLBP by Avman et al. (2019) identified four studies in addition to the work of
Roach et al., sharing similar results using the MTT and goniometer. Overall, the review reported
inconclusive results for decreased hip extension range of motion in individuals with nsLBP as
the evidence was reportedly low quality due to inconsistency in findings, small sample sizes,
subjects not being recruited from similar populations, variability in range of motion
measurement methods and lack of adjustments for confounders (Avman et al., 2019).

Kitamura et al., (2019) found that athletes with nsCLBP display greater anterior tilt due
to stiffness in the PM muscle as measured with shear wave elastography. These results supported
an earlier study by Youdas et al. (2000) which concluded hip flexor tightness was a more likely
cause of anterior pelvic tilt leading to back pain than lack of abdominal strength. They did not
however, rule out all contribution of abdominal strength. Hamstring tightness (Fasuyi et al.,
2017), limited hip internal rotation (Avman et al., 2019; Shin, 2020), and tensor fasciae latae
muscle tightness (Abe et al., 2014) have also been reported as significantly higher in individuals
with nsCLBP. In the current study, the femurs were closely monitored for rotation and
abduction, limiting the movement tested in the MTT to a measure of extension and decreasing
the possibility of other tissue tightness contributing to any lack of movement.

Kim and Shin (2020) provided evidence that asymmetry in hip extension range of motion

is a contributing factor to back pain. The degree of asymmetry showed a strong correlation with
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the degree of pain experienced (Kim & Shin, 2020). Although the nsCLBP group in the current
study showed the most asymmetry, neither group showed a significant difference between sides
(Table 8), indicating that asymmetry is not a significant contributing factor to back pain in this
sample. Although this appears inconsistent with previous findings, the degree of pain in
relationship to HE asymmetry was not analyzed in this study.

Despite the large body of evidence identifying increased stress in the presence of
nsCLBP pain (Ganesan et al., 2017; Hallman & Lyskov, 2012; Hannibal & Bishop, 2014;
Linton, 2000; Sveinsdottir et al., 2016), the current study did not find a significant difference in
physiological stress measures or perceived stress level between the groups. It is possible that the
duration and intensity of pain are important variables in the contribution of pain to stress or
contribution of physiological stress to pain, rather than simply the presence of the pain
experience. This is a limitation of the current study as pain intensity was not measured.
Comparisons of the measures between groups for stratified levels of physiological stress
measurements would be required to determine if pain is more likely at a specific given level of
HRYV or cortisol. A possible explanation of the current findings is that the decreased hip
extension range in the nsCLBP is a biomechanical contributor to the pain, and/or that the pain
experience of the nsCLBP group creates hip flexor tightness as a bi-directional relationship, and
that regardless of muscle tension, the stress-pain relationship is highly individual.

5.4 Limitations

Even though the time of day for cortisol collection was within the first 2 hours of waking,
there was no minimum window for waking time prior to collection. It is possible that some
individuals in the study woke within 30-40 minutes of the sample collection which meant their

CORT measures may have been taken during the Cortisol Awakening Response (CAR), which
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could be 50-60% above normal resting levels (Adam et al., 2017). This could cause some
limitations when drawing conclusions in this study as the measured cortisol may not be a true
daytime resting level. Although the mean CORT of the sample population (6.64nmol/L) was
within normal range by medical standards (Salimetrics, 2021a), it is on the higher end of what
would be expected for average daytime resting levels. Females do exhibit higher cortisol levels
on average than males (Adam & Kumari, 2009), however because there was no significant
difference in CORT between males and females in this study, the higher CORT measures cannot
be attributed to having more females in the sample.

Measurements in this study were taken at a single time point. Short term measures for
SDNN in this study cannot be compared to normative values or used to estimate cardiac risk
level, therefore HE cannot be used to predict any cardiac outcome risks based on the regression
equation with SDNN.

The physical activity summary of participants (Figure 3) indicated that all participants in
the study (both nsCLBP and noPain groups) were consistent yoga practitioners. As such, the
results may not be transferrable to those who do not regularly participate in yoga.

The age range for the sample was quite large, and although both age and HRV measures
showed a normal distribution, there was large variance in both variables. Results may vary for
samples that contain different, smaller age groups.

5.5  Practical Implications and Future Directions

Treatment of nsCLBP and treatment of stress-based symptoms are highly segmented in
the medical world, The current management of nsCLBP is commonly placed in the hands of
medical practitioners and allied health practitioners who primarily focus on the physical body by

targeting specific body pain symptoms. Such treatments are musculoskeletal and biomechanical-
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corrective in origin, such as physiotherapy, chiropractic medicine, massage therapy and
osteopathic manual therapy. Likewise, symptoms indicative of chronic or increased
psychological stress, such as anxiety, irritability, ‘scattered mindedness’ and insomnia are treated
through mind, brain or behaviour-centered professionals through psychological methods
including cognitive behavioural therapy, counselling and behavior modification training or life
coaching. Perhaps one of the most relevant and impactful practical applications of the results of
the current study is the evidence it provides to support a shift in this paradigm. Such a shift
would incorporate a multidisciplinary approach to the treatment of back pain. Or, conceivably, a
model whereby the psychotherapist is trained in teaching simple body-based movements or
physical positions or stretches designed to alleviate the pain while also contributing to decrease a
decrease in stress. Likewise, the physical body practitioner could use the same protocol,
increasing their pain management impact beyond the physical body structure, especially where
research has shown a potential for psychogenic causes of pain. Such protocols may already exist
in the realm of somatic movement, yoga or other mind-body disciplines. At a minimum,
provided herein is empirical data validating the efficacy of the inclusion of physical pain
screening by behavior-centered psychological practitioners and a screening for psychological
contributors to pain be a part of the thorough training of a physical body practitioner. At least if
such screening were to take place, a referral to an additional practitioner with a different area of
expertise may improve the long-term effectiveness of treatment.

Just as a physiotherapist performs a flexibility test for the hamstrings in their assessment
of possible causes for low back pain, it would not be cumbersome or unrealistic to include the
assessment of both hip range of motion and stress in the development of a thorough treatment

plan for nsCLBP. Further intervention-based protocols are needed to identify the efficacy of
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specific multi-disciplinary treatment plans or exercises and their effects on the stress-pain-
mobility relationship.

Left side hip extension predicted LF/HF accurately and though standardized values of HE
are shown to statistically increase HF more, the impact of HE on LF/HF ratio may be more
practical. When examining the regression, increasing HE by a mere 1 degree is predicted to
decrease the LF/HF ratio by 0.21. Healthy individuals have LF/HF ratios between 1.5-2.0,
which means a hip mobility protocol that increases range of motion in hip extension by 3 degrees
may be highly impactful to health. This may be particularly important for individuals who suffer
with nsCLBP, as the relationship between LF/HF and HE is stronger in the presence of nsCLBP
than without pain. Intervention studies to examine the required dose of mobility needed for this
outcome, in addition to measuring associated changes in HRV could provide the insight needed
to develop mobility-based protocols that increase autonomic balance and simultaneously support
the treatment of nsCLBP.

To further validate the results of the current study, intervention studies aimed to release

tension or tightness in IP and measuring HRV outcomes are needed.
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5.6  Conclusion

The results of this research demonstrate that tightness in IP can negatively impact
physiological stress, or vice versa, and supports previous literature which identified the
bidirectional relationship between muscle tension and stress. The findings also provide evidence
that individuals with nsCLBP have, on average, less range of motion in hip extension when
compared to pain free individuals. This may have important implications for developing
effective treatment plans for nsSCLBP and highlighting the importance of hip range of motion in
prevention of low back pain. Further, the findings suggest that the relationship between muscle
tension and stress is stronger in individuals who have nsCLBP when compared to those who do
not, adding support to the current understanding of the pain-stress cycle. This may provide
important insight into why and how mind body practices and psychosomatic therapies have been
shown to support improvement in pain symptoms and decrease psychological stress. An overall
conclusion is displayed in Figure 6 below, indicating that not only do the bi-directional
relationships of stress «<— pain, pain <= muscle tension and muscle tension < stress exist,
but the novel idea that there exists a cyclical or interrelationship among stress, muscle tension
and pain.
Figure 6

Schematic of the Interrelationship Among Variables

Physiological
a. Stress Z). Stress

m - Tightness e
Tension

Note. a. indicates the general relationship b. represents the specific relationship examined in this study.
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Appendix B: Snowball Recruitment Email Script

Dear (First Name/ Company Name),

I am writing to request your assistance in the recruitment of a research study taking place at the
University of Victoria. The study “Examining the relationships between psoas muscle tension,
stress and lower back pain”, is being performed as a part of a Master of Science thesis in the

school of Exercise Science, Physical and Health Education.

We are seeking 80 adults aged 18-65 who have or have not experienced back pain in the last 12
months. It is a study that may be of interest to your clients. If they have agreed to be contacted,

could I send you a recruitment email to send onto your database?

Thank you.

Arielle Nash
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School of Exercise Science, Physical and Health Education

LOW BACK PAIN?

RESEARCH PARTICIPANTS NEEDED:
EXAMINING THE RELATIONSHIPS AMONG
HIP MOBILITY, STRESS & LOWER BACK

PAIN

Who: Otherwise healthy adults aged 18-65; with back pain.

Description:

This research project aims to explore the validity of psychosomatic theories
linking hip extension range of motion, stress and pain. Research evidence may
be used to inform multidisciplinary approaches to pain relief, stress symptom
management and stress relief.

Participation in the study requires approximately 1 hour of your time in a single
visit to the satellite lab set up downtown Victoria. During the one hour, our
research team will measure the state of your autonomic nervous system and hip
range of motion. All measurements are non-invasive and low risk.

If you are interested in participating, you will be fully informed of all
procedures and sent a consent form. To show your interest, please contact
Arielle with the email below or scan the QR code to fill out the screening
questionnaire.

Masters Student
Researcher:
Arielle Nash

Lead Investigator:
Dr. Lynneth Stuart-Hill
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linking hip extension range of motion, stress and pain. Research evidence may
be used to inform multidisciplinary approaches to pain relief, stress symptom
management and stress relief.

Participation in the study requires approximately 1 hour of your time in a single
visit to the satellite lab set up downtown Victoria. During the one hour, our
research team will measure the state of your autonomic nervous system and hip
range of motion. All measurements are non-invasive and low risk.

If you are interested in participating, you will be fully informed of all
procedures and sent a consent form. To show your interest, please contact
Arielle with the email below or scan the QR code to fill out the screening
questionnaire.

Masters Student
Researcher:
Arielle Nash

Lead Investigator:
Dr. Lynneth Stuart-Hill
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Appendix C: Social Media Posts

Instagram and Facebook post read “I am looking for volunteers for my Master’s Research.
Please PM me if you’re interested in participating. You need to live in Victoria, BC.
Figure C1

Instagram and Facebook Story Screenshot
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Appendix D: Pre-Screening Questionnaire

Stress, Low Back Pain and Muscle
Tension - Participant Pre-Screening

All information provided is protected by the privacy and confidentiality protocol for this study as
approved by the Human Research Ethics Board at the University of Victoria.

* Required

1. Participant's name *

2. Email address *

3. Phone Number *

4. Participant's Age *

129
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5. Biological Sex *

O Male
O Female

O

Other

6. Are you pregnant or breast feeding? *

O Yes
O No
O Unsure

7. Select any current diagnosis (as diagnosed by a licensed healthcare practitioner). *
D Diabetes (Type | or II)
[j Cardiovascular Disease
D Stress or Anxiety Disorder

E] None of the above

8. Have you experienced lower back pain in the past 12 months for a period of 3 months
or longer? *

O Yes
O No
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9.Is/ was your back pain caused by a specific acute injury? *

O Yes
O No
O Unsure

10. Do you currently experience back pain or has it been resolved? *
O My pain is current

O My pain has been resolved

11. Does your back pain limit you from laying on your back for a period of time? *
O Yes
() No
(O Unsure



12. Please select any activities your participate in regularly (minimum twice per week). *

13.

) Running/ Jogging

) Cycling/ Spinning

D Yoga

) Weight Training/ Strength Training
D Calisthenics

() HiT

) Swimming

D Sport (organized, not otherwise listed)
D Dance

D None
O

Other

132

Are you considered at high-risk of serious illness from COVID-19? Note: The CDC states
that high risk for serious illness has been shown to exist in adults with health conditions

such as cancer, kidney disease, chronic obstructive pulmonary disease, down
syndrome, any heart condition, weakened immunity due to organ transplant, obesity,
pregnancy, sickle cell disease, smoking diabetes, heart disease, lung disease or any
respiratory dysfunction. Additional information on moderate risk can be found here
https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/index.html

(https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/index.html) *

O Yes
O No
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Appendix E: Letter of Information and Implied Consent

University Letter of Information for
of Victoria

Implied Consent

Stress, Muscle Tension and Back Pain Project

You are invited to participate in a study entitled “An Examination of the relationships among psoas
muscle tension, stress and lower back pain.” that is being conducted by Dr. Lynneth Stuart-Hill and
Arielle Nash.

Arielle Nash is a graduate in the department of Exercise Science, Physical and Health Education at the
University of Victoria and you may contact her if you have further questions.

As a graduate student, | am required to conduct research as part of the requirements for a degree in
Master of Science. It is being conducted under the supervision of Dr. Lynneth Stuart-Hill. You may
contact my supervisor.

Purpose and Objectives

The purpose of this research study is to explore the validity of psychosomatic theories which link pain
with muscle tension and stress. Specifically, measured tension in the iliopsoas muscle (a hip flexor
complex and spinal stabilizer), human physiological stress markers and lower back pain.

Importance of this Research

Research of this type is important because stress is a risk factor for many ailments which carry a high
morbidity. Stress has previously been implicated as a cause for low back pain, however, the relationship
has not been heavily investigated. Research evidence from this study may assist in understanding
mechanisms of stress and back pain and potentially be used to inform multidisciplinary approaches to
pain relief, stress symptom management and stress relief.

Participants Selection
You are being asked to participate in this study because you volunteered to participant and are a
generally health adult.

What is involved

If you consent to voluntarily participate in this research, your participation will include a single session of
data collection at Ashtanga Yoga Victoria. This testing will be performed in a dedicated room to ensure
your privacy. This testing will be one morning session lasting approximately one-hour scheduled a
maximum 2 hours past your normal waking time. Arielle Nash, one of the researchers is also the owner
and operator of Ashtanga Yoga Victoria. The following protocol will be completed:
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1. Researcher will record participant’s age, current perceived stress level and verify previously submitted
information.

2. Provide saliva sample for analysis of resting cortisol levels.

3. While lying supine, the Modified Thomas Test will be administered. This involves you lifting one leg off
of the ground, flexing your hip, and the researcher taking a measurement for hip extension on the
opposite side. This will be measured twice on both sides.

4. Lie still, face up (supine) position on a treatment bed for 12 minutes for heart rate variability
measurement.

During testing, you will wear a device on your upper body, including a chest strap to measure your heart
rate and the variability of your heart rate. The device is called Equivital EQ02 Life Monitor. The
equipment is non-invasive and is completely safe. There is no risk of physical harm to the test subjects.

You have already completed the pre-screening questionnaire to qualify for this study. There will be no
further health questionnaires needed.

Inconvenience

Participation in this study may cause some inconvenience to you, including the need to travel to the
testing facility, and an uninterrupted block of time for testing. Also, the time of day for measurement
may cause disruption in normal weekday. You will be asked to avoid alcohol, recreational substance use
and any physical activity (including stretching) or rehabilitation therapy 24 hours prior to the test. In
addition to no caffeine intake the morning of measurement, which may cause temporary headaches and
discomfort for some. If one of the research team does not pass the self-check health screening,
timeslots may be rescheduled at the last minute. You are also required to travel to Ashtanga Yoga
Victoria, downtown Victoria, in Market Square without walking or cycling more than 4 blocks.

Risks

There are some potential risks to you by participating in this research and they include minimal risk of
contracting communicable diseases, including COVID-19, due to close human contact. The laboratory
and those conducting this research minimize this risk by following a Safe Work Plan for research as
required by the University of Victoria for off-campus, in-person research. Participants are asked to wear
face masks when entering the building, and while in the testing site. The research team will be wearing
masks, disinfecting all equipment between participants, observing physical distancing where possible,
and limiting the number of people in the space. All participants will be required to complete a COVID-19
Health Screening questionnaire prior to entering the testing room.

It is possible that some subjects with back pain may experience some temporary discomfort by lying
supine for the extended period of time, or during the Modified Thomas test. Should you need to change
your position due to pain, you may inform the investigator during the testing.

Benefits

The potential benefits of your participation in this research include being a part of a study that may
contribute to the knowledge of possible mechanisms and/or contributors and treatments to back pain
and physiological stress. You will receive immediate verbal general rating of your hip flexor range of
motion.
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Voluntary Participation

Your participation in this research must be completely voluntary. If you do decide to participate, you
may withdraw at any time without any consequences or any explanation. If you do withdraw from the
study after data collection, we must receive your permission to use your collected data in the analysis. If
you wish to withdraw, contact Arielle Nash by email.

Anonymity

You will be given an alphanumeric code to be used instead of your full name. The coding will be done by
and only known to Arielle Nash. The coding sheet will be created and stored separately from the data
collection files.

Although participants are scheduled far enough apart and outside of Ashtanga Yoga Victoria’s regular
class operating hours, that cross-over should not occur, it is possible that you may be scheduled in a
back-to-back time frame with someone you know previously. Should this happen, it may compromise
your anonymity, however in no way will affect your ability to proceed in the study. In the case of a
COVID-19 exposure for an individual associated with this project, anonymity may be compromised to
comply with contact tracing requirements of public health authorities.

Confidentiality

Your confidentiality and the confidentiality of the data will be protected by not using your real name and
all data will be kept on an encrypted password protected computer in a locked room. All identifiable
personal data will be removed and subject numbers assigned.

Dissemination of Results

It is anticipated that the results of this study will be shared with others in the following ways:
- Master’s Thesis

Scholarly Conferences/ Presentations

Published Articles

Directly to participants

Disposal of Data
Data from this study will be stored for a period of 5 years, at which time it will be erased.

Contacts
OMITTED for publication

In addition, you may verify the ethical approval of this study, or raise any concerns you might have, by
contacting the Human Research Ethics Office at the University of Victoria.

By booking an appointment, having completed and submitting the pre-screening questionnaire, YOUR
FREE AND INFORMED CONSENT IS IMPLIED for your participation in this study, including the use of your
guestionnaire and your participation in the aforementioned testing at Ashtanga Yoga Victoria. It also
indicates that you understand the above conditions of participation in this study and that you have had
the opportunity to have your questions answered by the researchers.

Please retain a copy of this letter for your reference.
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Appendix F: Participant Pre-test Protocol

Day Before:
Refrain from alcohol or other recreational substances for a 24-hour period before your scheduled

appointment.

Testing Day:
Refrain from physical activity in any form (including stretching), caffeine or other stimulants

prior to appointment. No food or teeth brushing within 30 minutes of your scheduled time. To
assist with saliva sample collection, drink plenty of water up to 30 minutes before your
appointment.

Perform the participant Health Check. Wear clothing that is easy to move in, however tight
fitting. For example, cycling shorts or leggings.

Travelling to the testing location should involve a MAXIMUM activity of 2 blocks walking plus
the stairs to get into the building. Remember to bring a mask.

Please arrive no more than 5 minutes before your appointment.

Upon Arrival at Testing Location:

Please note that masks are mandatory inside the testing building.
Ring the bell at the entrance and you will be admitted to the building.
Use the designated waiting area until the researcher calls on you to come into the testing room.

Testing Location Information:
Inside Market Square (560 Johnson St), Victoria BC
Suite 203 — Auxiliary Space

Entering Market Square through the main Johnson Street gate, use the exterior staircase (up to
27 Floor) to your left. Ring the bell at the door.



137

Appendix G: Supplementary Results

G.1 Participant Physical Activity

Participants in both groups reported being physically active a minimum of twice per week for
no specific duration, in activities such as walking, hiking, running, cycling, swimming, strength /
body weight training, organized sport, fitness classes and yoga (Figure G1). Yoga was the
activity reported to have the most participation, with 65.0% of the overall group participating and
no significant difference between the noPain (70.6%) and nsCLBP group (64.7%). Cycling
(32.5%) and walking (35.0%) were the next most popular activities for the overall group.
Fisher’s exact test did not show significant association between noPain or nsCLBP and any
physical activity (Figure G1).
Figure G1

Specific Activity Participation Reported by Individuals in Each Subgroup (n = 17; CI = 95%)
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Note. Participation in an activity as minimum twice per week.
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G.2 Supplementary Results for Hip Extension

Mean HE in the overall group (n=39) was -8.52°+ 9.78° on the left and -7.45° + 9.54° on
the right (Table G1). The difference between left and right side was not significant (¢#(37) = 1.20,
p =.239) nor was there any significant sex difference for any measure of HE.
Table G1

Data Summary for Hip Extension for Overall Group (n=39)

Measure Mean (°) Min. Max. SD
HE L -7.45 -36.00 9.00 9.78
HE R -8.52 -28.50 13.00 9.54

G.3 Supplementary Results for Stress Measures

Morning cortisol levels (CORT) had a mean of 0.24mcg/dL (SD=0.20mcg/dL), or
6.69nmol/L (SD= 5.44nmol/L), ranging from 2.13nmol/L as the lowest measurement to
24.00nmol/L as the highest. The means and variation for all stress measures in displayed in
Table G2. The t-tests (one-tailed) did not show a significant difference in any stress measure
between the nsCLBP group and the nsCLBP group (Table G2).

The overall average level of perceived stress was 4.9/9 (SD=2.25) for all 39 participants.
There was no significant difference between the sexes (females: M = 5.07, SD = 1.94, males: M
=4.69, SD = 2.63, p =.304). The most frequent response among all participants was 7 out of 9,
making up 17.5% of the sample. Just over half (52.5%) of the participants responded with a self-
perceived current stress rating of 5.0 or higher. There was no significant difference in self-

reported perceived stress between the noPain and nsCLBP groups, #32) = 0.27, p= .388.
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Overall, there was no significant correlation identified between perceived stress and any other
measure in the study for any group.

Table G2

Summary of Stress Measures for all Groups

Stress Overall Group (n=39) noPain Group (n=17) nsCLBP Group (n=17) . ,
Measure Mean SD Mean SD Mean SD

STRESS RP 4.90 2.25 5.00 2.13 5.24 2.63 -.29 .39
SDNN (ms) 46.96 22.71 46.62 20.39 42.52 21.88 57 .29
LF (ms?) 1490.95 1536.85 1404.27 1420.76 1267.73"  1357.05 28 39
HF (ms?) 688.88  694.49 846.41  759.91 544.21"  673.48 1.21 12
LF/HF (ms?) 4.96 5.71 3.52 4.46 6.23" 6.91 -1.37 .09
CORT (nmol/L) 6.64 5.44 6.89 5.93 5.97 4.18 52 .30

Note. T outlier removed, nsCLBP group n = 16 for variables LF, HF and LF/HF. One-tailed independent t-

test did not show significant difference in stress measures between the noPain group and nsCLBP group.

G.4 Supplementary and Post-hoc Relationship Findings

In assessing age as a confounding variable in the HE-Stress relationships, age was found
to be significantly correlated to HE L (#(38) = -.28, p =.04), SDNN ((38) =-.57, p <.001), LF
(#(37)=-.38, p=.01) and HF (»(37) = -.55, p =<.001). When age was controlled for in post-hoc
partial correlation analysis, the correlation of SDNN with HE L was no longer significant. All

other correlations remained significant (Table G3).
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Table G3

Age-Controlled Correlations for Physiological Stress Measures and Hip Extension Measures in

degrees (n = 39)

Variable 5:2”'\5‘)“ (niz) (:SFZ) LF/HF (fn?j/{)
HE L 17 -.09 27* -33* -.26%
p 16 31 .05 .02 .05
HE R 33* -12 37* -17 -24
p .02 24 .01 16 .06

Note. One-tailed Partial Pearson correlation. Control variable = age. Prob > |r] under HO: Rho = 0.
LF, HF, LF/HF n = 38 due to the removal of the outlier. * p <.05; ** p <.005. 2 significant when not

controlling for age as shown in Table 2.



