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Abstract 

Introduction:  Age is associated with changes in tissue stiffness as well as higher muscle activity and an 

increase in the prevalence of low back pain. With increased worker age globally, and with the increased 

incidence of occupational sitting, it is important to understand how trunk stiffness changes with age and 

how this trunk stiffness is affected by sitting in older, sedentary workers. 

Methods: Thirty-seven women (aged 20-65 years) participated in the current study. Age was classified 

two ways: Chronological Age and Fitness Age (based on performance in fitness battery). Trunk stiffness 

was measured using a passive trunk flexion apparatus described in literature. Participants sat for 60 

minutes at a computer workstation throughout which, at 10-minute intervals, seated spine posture, 

perceived low back discomfort, and muscle activity (EMG) for 6 bilateral trunk muscles were recorded. 

Correlations were used to assess relationships between age and stiffness, perceived discomfort, posture, 

and EMG variables; and ANOVAs were used to detect differences in stiffness, posture, and muscle 

activation between age and discomfort groups. 

Results: Trunk stiffness increased significantly with age, with the strongest of these relationships 

measured with Fitness Age (r = 0.517, p = 0.003). Age was not related to posture or to the magnitude of 

movement displayed while sitting; however, trunk stiffness was negatively correlated with seated spine 

motion (r = -0.435, p = 0.023). There was no relationship between age or discomfort with muscle 

activation patters. 

Conclusions: Age showed a positive relationship with stiffness, which was stronger when examining 

Fitness Age than Chronological Age.  This suggests that age-related research could be improved using 

measures of fitness rather than age (based on year of birth). Furthermore, the decreased movement while 

sitting with elevated spine stiffness suggests that altered tissue material properties could affect the manner 

in which people perform seated work, leaving them more susceptible to the effects of static postures 
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including reduced blood flow, nerve impingement, and associated discomfort or injuries. Further 

investigation is warranted to find an easy way to monitor trunk material properties in the workplace in 

order to control for their effect on worker health. 
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Chapter 1 

Introduction 

The average age of the global workforce is increasing, and with this increase in age comes many age-

related musculoskeletal issues that traditionally have not been a problem in the workplace but must now 

be considered.  Older individuals frequently describe age-related changes such as increased joint stiffness 

and decreased range of motion, as well as decreased muscle strength and frequent episodes of pain or 

discomfort. It is unclear how these age-related changes affect an older worker, and as such, it is important 

to identify the risk factors that predispose the older worker to debilitating injury and time away from 

work. 

Sitting, recently debated as a risk factor for musculoskeletal disorders, is one of the most common 

postures. In general, people sit for the majority of their day, whether it be at work or in their leisure 

activities. Occupational sitting has been touted in the mainstream media as a habit “worse than smoking” 

and the prevalence of seated postures in the workplace has led to increases in cardiovascular morbidities 

as well as musculoskeletal injuries, particularly in the low back. Sitting-related low back discomfort 

results, in some cases, from the deformation of the low back tissues associated with sitting. This 

deformation stretches and damages the tissues supporting the spine thereby exposing the worker to an 

increased risk of injury.  Therefore, it is important that the age-related changes affecting healthy, 

sedentary workers are examined in ensure older workers lead longer, healthier careers. 

Research relating sitting and low back injury or pain has assessed the sex-differences in injury prevalence 

and has determined the effect of back pain on low back motion and mobility but, the effect of age on in 

vivo tissue mechanics and the relationship between the age-related changes in those tissues and sitting-

related low back pain have not been examined. To address these gaps, multiple methodologies have been 

combined, modifying them slightly and expanding them when necessary, to better understand the change 
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in tissue mechanics with age and how these changes might interact with sitting to alter the risk of low 

back pain and injury. 

Therefore, the objectives of this dissertation were:  

• to determine if there is a change in trunk stiffness with increased age; 

• to examine age-related changes in motion during seated work; 

• to quantify age-related changes in muscle activation and muscle recruitment patterns during 

seated work.  

Additionally, assessing the feasibility of estimating Fitness Age in a modern North American population, 

using regression equations that had been developed using Japanese populations 20-30 years ago was a 

secondary objective. 

To achieve these objectives, a series of tests were developed to assess the age-related changes in trunk 

stiffness in healthy, sedentary workers in a seated task. Using a cross-sectional analysis of workers in 

three different age groups, some of the factors that were examined included tissue flexibility, seated 

postures, muscle activation patterns, and how these factors might work together to affect seated 

occupational health.  
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Chapter 2 

Literature Review 

2.1 The Aging Workforce 

For years, demographic and economic experts have been predicting what has become known as the 

“silver tsunami”, a marked increase in working population age as certain generations approach retirement 

age (Loeppke, et al., 2013). This increasing age is brought about by several factors. First, the average age 

of the global population has been increasing. It was predicted that by 2018, people aged 65 and older 

would outnumber children aged 5 and under (Figure 2.1), and by 2040, these older individuals are 

expected to account for 14% of the world’s population, with some countries exhibiting as many as 38% of 

their population in this older age bracket (Kinsella & Wan, 2009; Rowland, 2009).  
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Figure 2.1: Global age distributions as of August 2017. Data collected by 2017 World Population 

Datasheet and presented by Statistics Canada (2017). The predicted trends for current global age 

distributions, as presented by Kinsella and Wan (2009), have become reality with the proportion of older 

people outnumbering that of younger people in most of the countries that were studied. 
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Further, life expectancy has been steadily increasing with the advancement of medicine. In 1900, the life 

expectancy for males and females was 48.3 and 51.1 years, respectively. In 2008, this had increased to 

75.3 years for males and 81.1 years for females (Kinsella & Wan, 2009; Lee & Mason, 2010) and this 

value is projected to continue increasing until 2030 with a potential life expectancy of 85 and 90 years for 

males and females respectively (Kontis, et al., 2017). Additionally, fertility rates have declined steadily in 

recent years (Kinsella & Wan, 2009; Lee & Mason, 2010; Boenzi et al., 2015) and the “baby boomers” 

(those born between 1946 and 1965) began turning 65 years of age, what was commonly known as 

“retirement age” in 2011 (Loeppke, et al., 2013). All of these factors combine to reduce the number of 

young workers entering the workforce in recent years. With fewer young workers, older workers are 

feeling increased pressure to remain at work longer, thereby increasing the average age of working 

professionals (Loeppke, et al., 2013). 

2.1.1 The Silver Tsunami 

Canada has a relatively large cohort of baby boomers. Between the years of 2005 and 2015 the number of 

Canadians 55-64 years was expected to increase by more than 50% (Armstrong-Stassen & Templer, 

2006). The United States Bureau of Labor Statistics (2008) reported that there were more workers aged 

55 years and older in the workplace than ever before. In fact, the number of workers 65 years of age and 

older increased by 101% between 1977 and 2007. On July 1, 2017, a record number of Canadians 

(16.9%) were at least 65 years of age, compared with 16% of the population that are between the ages of 

0 to 14. In other words, there was 318,463 more people in the 65-and-older age group than in the 0-to-14 

group. By comparison, prior to 1987, there were two to three times more children aged 0 to 14 than 

people aged 65 and older (Statistics Canada, 2017). With the abolishment of mandatory retirement and 

the economic downturn at the start of the 21st century, many of these individuals are working longer either 

out of necessity, or personal preference, not wanting to live several years with no set “purpose” in life 

(Loeppke, et al., 2013; Hart, 2007). With this increase in working age comes an increase in the number of 



18 

 

workers affected by age-related chronic medical conditions, which may leave them more susceptible to 

occupational injury. 

2.1.2 Older Workers and Occupational Injury Risk 

Older workers are at an increased risk for occupational injury compared to their younger counterparts, due 

in part to reduced physical capacity, slowed cognition and diminished working memory, hearing and 

vision difficulties, and higher rates of musculoskeletal disorders (Choi S., 2013; Loeppke, et al., 2013). In 

fact, approximately four in five adults aged 50+ report at least one chronic illness requiring regular 

treatment (Committee on the Future Health Care Workforce for Older Americans, 2008). However, while 

the rate of non-fatal occupational injury is lower for older workers than it is for younger workers, older 

workers generally experience a greater severity of injury and their rate for fatal occupational injuries is 

higher than for their younger counterparts (National Research Council and Institute of Medicine, 2004; 

Choi S., 2009; Schwatka, et al., 2012).  This could be due in part to the increased experience and job 

duration for older workers than younger workers (Lemasters, et al., 1998).  

Older workers are also slower to recover than younger workers and generally require longer time off 

before returning to work following an injury (Rix, 2001; Silverstein, 2008). While the average length of 

time off work following an occupational injury for the entire working population is approximately 8 days, 

for workers aged 55-64 years, this time is increased to approximately 11 days and 18 days for workers 65 

years and older (Rogers & Wiatrowski, 2005). It is important to note that age is not the deciding factor 

here, but rather it is the overall health of the individual that puts the worker at risk for occupational injury. 

For example, younger individuals (aged 19-34 years) who reported five or more health risks (e.g. 

alcoholism, high blood pressure, high body mass index, job and life dissatisfaction, low perception of 

health, high stress, smoking, low physical activity) were at an increased risk for occupational injury 

compared to older workers (aged 75+ years) who reported less than two health risks (Edington, 2001). 

Evidently, the aging process is not strictly linear, and the rate of aging can vary significantly for physical 
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and mental capabilities resulting in individuals who are chronologically old but functionally young or vice 

versa (Munnell, et al., 2006). Therefore, it is important to take into account a participant’s health when 

conducting research on aging and not rely on chronological age alone. 

There has been limited research on the aging workforce in general; however, some ergonomics research 

has been done in specific industries. The nursing, construction, and emergency service work industries 

have been examined for the effects of an aging workforce on occupational injury risk and will be 

described briefly in the following sections. 

2.1.2.1 Age-related Occupational Injury Risk in Nurses 

As with all industry sectors, nursing has been experiencing a significant increase in the average age of 

their workers. In 2005, the United States Bureau of Labor Statistics predicted an increase in nurses aged 

55-64 by more than seven million, which constitutes a seven-fold growth of the total labor workforce, due 

in part to older nurses delaying their retirement (U.S. Bureau of Labour Statistics, 2008; Hart, 2007). Of 

the 185,000 nurses who started working between 2002 and 2003, 70% (129,500) were 50 years of age or 

older, re-entering the workforce (Buerhause, et al., 2004). At the time, it was projected that the average 

age for nurses would increase by four years from 41 years of age between the years 2000 and 2010 before 

reaching a peak of 45 years of age in 2010 and would remain at this level through 2020, with over 40% of 

the nursing workforce over 50 years of age (Norman, et al., 2005).  

In terms of the health of older nurses, researchers have found that those working in more high-pressure 

situations, such as in a hospital setting, are more likely to experience injury than those in a more casual, 

office or clinic setting (Hart, 2007). Furthermore, compared to younger nurses, older nurses were less 

likely to describe their health as excellent, but there was no difference in the proportion of younger and 

older nurses of individuals who described their health as very good, good, fair, or poor (Norman, et al., 

2005). Conway and colleagues found that older nurses reported a decrease in work ability and an increase 

in musculoskeletal disorders and injury-related health consequences compared to their younger 
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counterparts (Conway, et al., 2008). In fact, Letvak (2004) found that between the years 2000 and 2004, 

almost 25% of older nurses were injured at work and over 33% experienced work-related health problems 

(Letvak, 2004). Twenty-five percent of all reported injuries among nurses in this study were to the low 

back, while other musculoskeletal disorders (e.g. lower extremity, shoulder/neck, wrist, hip) accounted 

for a further 16.7% of all injuries. Additionally, in terms of health concerns expressed by these older 

nurses, 68% of all respondents reported experiencing back pain and 55% reported experiencing other 

bone and joint musculoskeletal disorders (Letvak, 2004). 

2.1.2.2 Age-related Occupational Injury Risk in the Construction Industry 

Construction work is a dangerous industry and it is one of the highest ranked industries for all 

occupationally-related injuries (Choi S., 2009; Center to Protect Workers' Rights, 2013). The most 

common cause of injury in the construction industry is bodily reaction/exertion resulting in injuries such 

as sprains and strains (Choi S., 2009), accounting for approximately 34% of all nonfatal injuries (Center 

to Protect Workers' Rights, 2013). In terms of the most commonly injured bodily region, older 

construction workers aged 45-64 years are more likely to experience neck, upper extremity, back, and 

lower extremity discomfort than younger workers aged 16-30 years (de Zwart, et al., 1999) with lower 

back and sciatica pain being the most reported musculoskeletal disorder in the construction industry 

(Center to Protect Workers' Rights, 2013; Welch, et al., 2008). In fact, approximately 34% of construction 

workers aged 55 years of age and older reported back and neck problems, whereas only 11% of workers 

aged 20 years and under reported back and neck problems (Hoonaker & van Duivenbooden, 2010). A 

review of literature examining the relationship between older construction workers, injury, and age 

revealed that while age is associated with a higher cost of injury, older workers are not more prone to 

injury than their younger counterparts (Center to Protect Workers' Rights, 2013; Schuford & Restrepo, 

2005), as summarized in Figure 2.2.  
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As for the cost of injury, there is a $520 increase in injury costs for every 10-year increase in age 

(Friedman & Forst, 2009). According to data presented by the Center to Protect Workers’ Rights, the 

construction industry reports the highest spending on workers’ compensation among all other industries 

of interest, with almost twice as much money spent on workers’ compensation than the goods-producing 

industry and approximately three times as much as the manufacturing and service industries (Center to 

Protect Workers' Rights, 2013). The severity of the injury is a factor of the deterioration of overall health 

and reduced ability to heal, commonly associated with the aging process (National Research Council and 

Institute of Medicine, 2004; Choi S., 2009), and older workers in the construction industry are more likely 

to sustain an injury due to accidents caused by decreased balance and coordination, decreased cognitive 

agility, sensory deficits, and increased difficulty learning new skills and abilities, as opposed to the 

recklessness, inattention, pride and impulsiveness that causes accidents among younger workers 

(Nicholson, 1985; Baker, 1987; Rabbitt, 1991; Pratt, et al., 1996). 
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Figure 2.2: Percent of non-fatal injuries in the construction industry according to age from multiple published 

sources. The thick black line shows the average for all datasets, while the dashed lines show the standard deviation 

across all datasets. Compiled from (Center to Protect Workers' Rights, 2013; Friedman & Forst, 2009; Lowery, et 

al., 1998; Dong, et al., 2010; Choi S., 2015; Lopez, et al., 2008; Kisner & Fosbroke, 1994; Arquillos, et al., 2012). 
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2.1.2.3 Age-related Occupational Injury Risk in Emergency Services 

While little data exists on the aging of the emergency service workforce, there are some trends reported 

with increased worker age. Liao and colleagues (2001) reported a non-significant positive relationship 

between firefighter age and on-duty injury-rate, incidence of back sprains and strains, and incidence of 

other sprains and strains. They also reported a positive correlation between age and injury duration, 

indicating that older firefighters took longer to recover from injury than their younger counterparts. In 

fact, the researchers noted that there was a 7% increase in injury duration for every 1-year age increase, 

however, they did not find a relationship between age and injury frequency or injury-related costs. (Liao, 

et al., 2001). Maguire and colleagues noted that sprains, strains, and tears were the leading cause of lost 

work days among emergency medical service (EMS) workers and that the back was the most commonly 

injured body region. These back injuries were often caused by overexertion while assisting patients 

(Maguire, et al., 2005). Gershon and colleagues report a positive relationship between stress and chronic 

back pain among older (>50 years) police officers (Gershon, et al., 2002). This indicates that older 

workers in high-stress jobs are more susceptible to back injury, particularly if they have not developed 

positive coping strategies to deal with this increased stress.  

2.2 Spine Anatomy and Occupational Spine Health 

2.2.1 Spine Anatomy 

In mechanical engineering, an inverted pendulum (Figure 2.3) is considered a prime example of an 

unstable structure with its centre of mass located above its pivot point. Without additional support, such 

as guy-wires, this structure is sure to fall over. This is the design most commonly used to model the spine, 

where the mass of the trunk and head lay above its base at the pelvis. However, the complexity of the 

spine presents additional stability issues not present in an inverted pendulum. The spine, in addition to 

supporting an unstable mass must, at the same time, be able to bend and twist. Not only is it unstable like 

an inverted pendulum, but it is also unstable like a moving tower of blocks is unstable. To give the spine 
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stability, a system of “guy-wires” and springs are in place such that the spine can bend and sway as 

needed and still maintain its structural integrity. In the human body, the guy-wires and springs are the 

biological soft tissues including ligaments, tendons, intervertebral discs, muscles and fascia. 

Consequently, all of these tissues while essential for support and stability, are susceptible to injury 

individually.  

 

Movement of the human body is a complex process involving the co-operation of numerous muscles and 

structures. In general, the spinal vertebrae provide the spine’s structure and supply attachment sites for the 

muscles and ligaments. The muscles surrounding the joints of the spine provide both movement and 

stability to the system and since muscles cross the vertebrae, their contractions cause the vertebra to move 

relative to one another to create the full range of motion of the spine. Ligaments, on the other hand, do not 

contribute to the movement but provide passive stability, increase the structural integrity of the joint, and 

protect the joint against perturbations that might cause injury. Due to the prevalence of low back injury 

among older workers, of particular interest to this current study is the lumbar (low back) region of the 

spine (Figure 2.4).  

 

Figure 2.3: Inverted pendulum model with the majority of the weight supported by an unstable column. 

Without the guy-wires to provide stability to the column, the whole system would buckle under the mass 

and instability of the load. 
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The lumbar vertebrae are heavier and more robust than the other vertebrae because they support the most 

weight. In its neutral position, the lumbar spine exhibits an anterior curve (i.e. an extended lumbar spine 

position). However, postures such as forward trunk flexion or sitting can reduce this anterior curve and 

flatten the spine or even cause it to curve posteriorly (i.e. a flexed lumbar spine position) (Figure 2.4). 

These positions force the posterior ligaments to stretch, while the anterior ligaments are shortened under 

the decreased tension on the anterior side of the spine, thereby compromising their structural integrity and 

ability to stabilize the joint.  

Between the vertebrae is an intervertebral disc which helps to join the vertebral bones and provides 

shock-absorptive properties. The intervertebral disc is made up of three distinct parts: the annulus, the 

nucleus, and the cartilaginous end-plate. The annulus, a ring of dense connective tissue composed 

Figure 2.4: A section of the human spine including three lumbar vertebrae, the sacrum, spinal cord and 

nerves, ligaments, and intervertebral discs. All of these tissues work together, along with the spinal 

musculature to provide strength and stability to the spine. Maintaining the anterior curve (lordosis) in the 

lumbar spine requires longer ligaments and soft tissues on the anterior aspect of the spine (represented by 

the dashed black line), and shorter ligaments and soft tissues on the posterior aspect of the spine 

(represented by the solid black line).  

Modified from OrthoInfo-AAOS 

Posterior Spinal Ligaments 

Anterior Spinal Ligaments 



25 

 

primarily of collagen, surrounds the soft, gel-like nucleus pulposus. The collagen fibre arrangement, 

interspersed with elastin fibres, provides the annulus with its resistance to tensile forces, and its ability to 

return to its original shape following deformation (Yu, et al., 2002). The nucleus pulposus on the other 

hand is comprised of a gel-like substance, with a very high water content. Within this gel are collagen 

fibres arranged randomly, allowing the nucleus to withstand deformation in three-dimensions, and elastin 

fibres arranged radially, to help maintain the natural disc-like shape of the tissue (Yu, et al., 2002). The 

third region, the cartilage end-plate, creates a fusion of the annulus fibrosus and nucleus pulposus with the 

bone of the vertebral body, effectively joining the two bones together. 

2.2.2 Spinal Soft Tissue Properties 

Biological tissues are viscoelastic, meaning that they have a time-dependent response to load and 

deformation. There are essentially two material property responses that can describe the behaviour of 

viscoelastic tissues under different loading conditions. First, in a seated posture, as described above, the 

posterior spine tissues experience tensile forces, causing them to elongate. When these tensile loads are 

Figure 2.4: Lumbar spine curvature in sitting and in standing. While standing, the lumbar spine shows an 

extended, "lordotic" curve, whereas in sitting, this curve is lessened, and the posterior spinal tissues are 

stretched. 

Modified from mobilitydojo.com 
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held constant for a period of time, as in sitting, the tissues continue to stretch and can lead to temporary 

deformation of these tissues. This is known as creep deformation (Ozkaya, et al, 2012). Furthermore, 

when the stretched length is held for a prolonged period, the tissues adapt to the load and relax so that 

they no longer experience the same tension as they did initially. This is known as the stress-relaxation 

relationship, which describes a tissue’s tendency to relax (loosen) when its stretched length is held 

constant (Ozkaya, et al., 2012). These two material properties contribute to the inability of the tissue to 

instantaneously return to its original state, both in length and tensile strength, once the posture is reversed. 

This delay in the ability of the tissue to regain its original length and strength is known as an elastic after-

effect and is thought to be a significant risk factor for occupational low back injury (McGill & Brown, 

1992; Beach, et al., 2005). 

Researchers have investigated the elastic after-effect in the spine at positions of extreme spine flexion 

(~100% of maximum flexion) in a healthy population and noted that following the held flexion, 

participants increased their range of spine flexion by approximately 5.5-degrees (McGill & Brown, 1992). 

These researchers cautioned that prolonged seated postures, especially when coupled with extreme spine 

flexion, could leave workers more susceptible to a hyperflexion injury due to the residual tissue laxity and 

elastic after-effects imposed by the sustained posture (McGill & Brown, 1992). They noted that while the 

tissue laxity decreased by 50% with 2-minutes of standing, it took longer for the tissues to return to their 

original stiffness than the time for which the position was held. The elastic after-effect reduces the tension 

generated by the posterior spine tissues when flexed. Twomey and Taylor (1982) concluded that the 

strength of the elastic after-effects was more pronounced in older individuals, requiring more time for the 

spine to return to its normal stiffness levels following the development of creep (Twomey & Taylor, 

1982). Finally, low back pain is associated with increased trunk stiffness (Hodges, et al., 2009; 

Freddolini, et al., 2014) which decreases spinal motion and may be a compensatory mechanism to 

decrease pain and reduce the risk of further injury. Since it is difficult to affect the ligaments, it is most 

likely that the increased stiffness is due to increased trunk muscle activity and altered motor control of the 
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of the trunk muscles (Freddolini, et al., 2014; Hodges, et al., 2009). In recurrent back pain conditions, the 

trunk tissues would likely stiffen during a flare-up and loosen when the pain has subsided revealing a 

pain-related low back stiffness profile over time.  

These findings suggest that the material properties of spine tissues are not constant and can change not 

only throughout the day, but also throughout a person’s lifetime, and it is important to understand the 

impact of these changes in our aging workforce. 

2.2.3 Soft Tissue Aging in the Back 

Not all tissues age the same way. Some tissues, such as ligaments, tendons and bone (Bell, et al., 1967; 

Woo, et al., 1991; Johnson, et al., 1994; Iida, et al., 2002; Karamanidis & Arampatzis, 2006) become 

more lax with age, whereas other tissues, such as muscles, skin, and intervertebral discs (Ebara, et al., 

1996; Adams & Roughley, 2006; Agache, et al., 1980; Daly & Odland, 1979; Magnusson, 1998) become 

stiffer with age. While many of the age-related changes in soft tissues are well understood, for example 

decreased muscular strength (Mooney, et al., 1996) and endurance (O'Sullivan, et al., 2006) and 

decreased joint range of motion (Wright & Johns, 1961); little research has centred on an older 

individual’s joint flexibility or stiffness as a means of predicting whether they are at an increased risk of 

developing work-related discomfort. Assessing the risk of developing work-related discomfort due to 

differences in stiffness or flexibility is further complicated by the fact that numerous factors affect 

flexibility, including age and gender. In fact, a person’s flexibility is not fixed, but changes throughout 

their lifespan (Alaranta, et al., 1994). However, while age and gender have been associated with 

flexibility, the most prominent characteristics affecting flexibility are fibre composition and fluid content 

in a tissue (Amiel,et al., 1991; Thornton, et al., 2001). These elements fluctuate throughout the course of a 

lifespan and are primarily responsible for changes in flexibility. 

Understanding the manner in which tissue-specific changes manifest with aging will help understand the 

potential risks for injury among older individuals. Many researchers have examined these tissue-specific 
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changes and have predicted their influence on health in aging populations. Some of these studies are 

summarized below. 

2.2.3.1 Ligament and Tendon 

In vitro testing of some spinal ligaments has shown that ligaments and tendons exhibit almost perfect 

elastic behaviour when tested in tension (Nachemson & Evans, 1968), but the tensile strength (i.e. the 

maximum tolerable force before failure) of excised spinal ligament tissue decreases with age (Nachemson 

& Evans, 1968; Iida, et al., 2002). The stiffness and tensile strength of the in vitro ligamentum flavum 

(the ligament running along the posterior aspect of the spinal canal) and supraspinous ligament of the 

spine also decrease with age (correlation coefficient = 0.81, p < 0.01) (Nachemson & Evans, 1968; Iida, 

et al., 2002).  Similar changes with age have been observed in other human ligaments including the 

anterior cruciate ligament of the knee (Johnson, et al., 1994). 

Tendons have shown a similar relationship with age whereby patellar tendons tested in vitro showed 

lower stiffness and ultimate strength values than their younger counterparts (Johnson, et al., 1994), but 

these can be increased with training (Reeves, et al., 2003). This is an important finding because the ability 

to restore the deficits associated with age in these tissues can decrease the risk for tendon injury in older 

individuals. Further, tightening and strengthening tendons can improve muscle contraction speed by 

decreasing the electromechanical delay associated with a lax tendon. This could be imperative in 

preventing injury if quick reflexes are required (Reeves, et al., 2003). 

2.2.3.2 Muscle 

Muscle tissue is not spared from the effects of aging and due to the active nature of the muscle both its 

contractile and passive elastic properties are affected. With aging, the force-generating capacity of the 

muscle is reduced which is predominantly a result of muscle atrophy and decreased cross-sectional area, 

and not due to a decrease in contractile ability (Williams, et al., 2002; Rogers & Evans, 1993; Frontera, et 

al., 2000). However, reductions in atrophy and cross-sectional area can be mitigated with exercise, such 



29 

 

that the effect of age is minimized (Williams, et al., 2002). In fact, a study looking at the effect of training 

on muscle strength in older adults (aged 60-72 years) who completed a twelve-week strength training 

program found that knee extensor muscle strength increased by 227%, and that the knee flexor strength 

increased by 107% (Frontera, et al., 1988). These findings are encouraging and suggest that the effect of 

age on muscle strength can be reduced, but researchers also caution that older muscles are more easily 

damaged with the loading associated with training and that older individuals undertaking a strength 

training program may be more susceptible to muscle injuries and soreness than younger individuals 

(Williams, et al., 2002; Frontera, et al., 1988). 

In both in vivo and in vitro studies, passive muscle stiffness has been shown to increases with age 

(Kovanen & Suominen, 1988; Magnusson, 1998; Magnusson & Larsson, 1997; Eby, et al., 2015). In rat 

soleus and rectus femoris muscles an increase in ultimate strength (i.e. strength at failure) and passive 

tissue stiffness was recorded as a result of age (Kovanen & Suominen, 1988). In healthy runners the leg 

muscles in older individuals had lower flexibility, lower stretch tolerance, and higher stiffness than their 

younger counterparts, which the researchers attributed to training history but largely to age (Magnusson, 

1998; Magnusson & Larsson, 1997). However, stretch decreases stiffness and increases flexibility, 

ultimate strength, and the joint’s range of motion (Magnusson, 1998; Magnusson & Larsson, 1997). Some 

researchers examining muscle stiffness using shear-wave elastography have found that shear stiffness also 

increased with increased age (Eby, et al., 2015).  

2.2.3.3 Intervertebral Disc 

The intervertebral disc is molecularly very similar to articular cartilage in other joints of the human body, 

but its structure and age-related behaviour changes and the associated degeneration are substantially 

different.  In fact, intervertebral discs show degenerative and age-related changes earlier in the lifespan 

than any other biological soft tissue (Urban & Roberts, 2003). However, it is very difficult to differentiate 

which changes are due to age and which are pathological (Urban & Roberts, 2003).  
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With age and degeneration, the perfect ring-like structure of the annulus gets more disorganized and 

“wrinkled”, the delineation between annulus and nucleus is blurred and differentiating these structures 

becomes more difficult, and the nucleus itself becomes more fibrous and less gel-like (Urban & Roberts, 

2003). As the disc loses its water content, the disc height decreases and the mechanics of the nearby 

tissues (e.g. ligaments and joint capsules) are affected. This loss of water content is not isolated to the 

nucleus but is also seen in the annulus fibrosis, resulting in an increased collagen density and an 

associated increase in stiffness with age (Ebara, et al., 1996; Galante, 1967). The disorganization of the 

fibres of the annulus fibrosis and the nucleus pulposus predisposes the older individual to injury by 

limiting the restraining ability of the annulus, leading to disc bulging and occasionally to the leaking of 

some of the gel-like tissue through the annulus into the spinal canal (known as disc herniation), causing 

pain (Urban & Roberts, 2003; Yu, et al., 2002). These degenerative changes are a result of many factors, 

age being one, but abnormal, often occupational, mechanical loading being another. Previous research has 

shown that cyclic flexion of a porcine spinal motion segment with low magnitudes of compressive 

loading is associated with disc herniation in vitro (Callaghan & McGill, 2001a; Tampier, et al., 2007). 

This may be a cyclical process where injury/degeneration leads to a response at the cellular level that 

results in changes in the biochemical structure that causes further degeneration of the intervertebral disc 

(Urban & Roberts, 2003; Adams & Roughley, 2006). Furthermore, seated spine postures cause more fluid 

loss and higher compressive loads than standing postures (Adams & Hutton, 1983; Callaghan & McGill, 

2001b). Therefore, older workers, who are already predisposed to higher levels of disc degeneration due 

to their age, may be at an increased risk for compounding this degeneration with occupational injury in a 

job that requires highly repetitive trunk flexion tasks and seated postures, ultimately leading to 

debilitating low-back pain and the possible need to stop working. 
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2.3 Rationale and Statement of Problem 

Based on the findings described above, it is clear that the aging process is complex and that the effects of 

age on biological tissues, particularly those in the spine are difficult to infer. While some tissues show an 

increase in stiffness and ultimate tissue strength with age, other tissues have the opposite relationship with 

age. 

Because all of these tissues are expected to work together to provide mobility and stability to the spine, it 

is important to understand the net result of these age-related changes on the function of the joints of the 

human body. Some studies have found that joint stiffness decreases with age. Lark and colleagues (2003) 

examined the effect of age on ankle and knee stiffness in a dynamic stepping task. In all aspects of the 

stepping task (i.e. initiation of movement to toe-down, and toe-down to heel-strike), joint stiffness, both 

ankle and knee, was lower in the elderly group than in the younger group (Lark, et al., 2003). In contrast, 

other studies have found no effect of age on overall joint stiffness. Elbow and knee joint stiffness were 

examined in separate studies and while there was a mild effect of gender on joint stiffness, age was not 

associated with a change in joint stiffness (Lin, et al., 2005; Such, et al., 1975). 

Anecdotally, it is expected that an increase in stiffness would be associated with an increase in age. It is 

not uncommon to hear older individuals describing their joint pain and stiffness. There are also ample 

television commercials showing aging individuals walking around, holding their back or shoulder, 

moving slowly and awkwardly, describing their pain and difficulty moving as a means of marketing 

medications that treat these conditions. To date, very little information has been published on the specific 

stiffness changes in the intact trunk as a function of age.  

For these reasons, this thesis will aim to quantify the in vivo stiffness of the intact trunk and document 

differences between age groups. Furthermore, it will assess the differences in seated position and seated 
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work between different age groups, as well as the impact of a prolonged seated posture on the stiffness of 

intact trunk across different age groups. 

2.4 Dissertation Objectives 

For the reasons described above, understanding the relationship between spine stiffness and seated 

postures in an aging working population is imperative to prevent injury to the workers. 

The following study will help fill in some knowledge gaps regarding the consequences of sitting and its 

effect on sedentary workers, as well as help to identify age-related risks for work-related low back pain 

and/or injury. Therefore, the objectives for the present research were to: 

1. Determine whether there is a change in trunk stiffness with age and explore the impact of healthy 

aging and unhealthy aging on these age-related trunk stiffness changes. 

2. Examine whether sitting causes a change in trunk stiffness and whether this change is modulated 

by age. 

3. Assess whether sitting-induced low back discomfort is related to trunk stiffness. 

4. Evaluate the effects of age, discomfort, and trunk stiffness on seated low back posture. 

5. Quantify the effect of age on muscle activation in the low back and abdomen while seated. 
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Chapter 3 

Methodology 

 

All methodology presented in this dissertation has been approved by the Queen’s University Health 

Sciences and Affiliated Research Hospitals Research Ethics Board (Appendix A). 

3.1 Subject Description 

Recruitment strategies targeted all healthy working adults at Queen’s University, St. Lawrence college, 

and the surrounding areas who were working a sedentary job or who spent a minimum of four hours per 

day seated for work. This included any students and individuals working part-time. Exclusion criteria 

included: 

1) Experiencing current low back pain: Participants were precluded from participating if they 

were experiencing low back pain on the days of data collection. Individuals who 

experienced frequent, recurrent, idiopathic low back pain were included in the study, if 

they were not in pain the days of the collection and 24 hours prior to collection, and if they 

met the criteria listed in point 2). 

2) Debilitating low back pain in the past twelve months: Participants were eliminated if they 

had experienced a bout of low back pain in the past twelve months that required them to 

seek medical attention (e.g. physician, nurse practitioner, chiropractor, physiotherapist, 

kinesiologist, athletic therapist…) to help alleviate the pain. Debilitating low back pain was 

also defined as any low back pain that caused them to miss a day of school or work in the 

past twelve months. 

3) Anthropometric criterion: Participants were excluded from participating if they weighed 

more than 115 kg, as this was the tolerated limit for some of the instrumentation used for 

data collection. 
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4) Physical Activity Readiness Questionnaire (PAR-Q+): Participants were precluded from 

participating if they were unable to answer the PAR-Q+ (2015) satisfactorily. This 

questionnaire (see Appendix B) asks questions pertaining to ongoing medical concerns to 

assess whether individuals can undertake any exercise program safely. If they identified 

any chronic medical concerns, follow-up questions determined whether these conditions 

were controlled, and whether their primary healthcare provider had instructed them to 

refrain from any physical activity for any reason. If the conditions identified were 

controlled, and if the primary care provider had not cautioned them about physical activity, 

they could proceed with data collection. 

5) Age criterion: Participants were recruited from three distinct age groups. These groups 

were: 20-25 years, 40-45 years, and 60-65 years. Volunteers who fell less than 24 months 

on either side of these age ranges were also included in the sample population. 

In total, fifty-five individuals (37 females, 18 males) volunteered and satisfied the inclusion criteria. Their 

demographic information is presented in Table 3.1. 

Table 3.1: Demographic information for entire sample including average age, body weight and height. Standard 

deviations are provided in brackets beside each average value. 

 Sex Age (years) Body mass (kg) Height (cm) 

Younger 

(20-25 years old) 

Male 

n = 9 
23.2 (2.7) 72.9 (12.9) 172.9 (9.8) 

Female 

n = 13 
23.5 (1.6) 51.5 (9.5) 166.5 (9.7) 

Middle-age 

(40-45 years old) 

Male 

n = 5 
44.4 (1.5) 83.9 (7.5) 180.5 (2.9) 

Female 

n = 11 
41.8 (1.4) 73.8 (13.5) 171.1 (10.9) 

Older 

(60-65 years old) 

Male  

n = 4 
63.8 (2.1) 96.2 (11.3) 180.5 (6.5) 

Female 

n = 13 
61.6 (2.4) 68.2 (9.8) 163.3 (6.5) 
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An a priori power analysis, completed using the G*Power software (Version 3.1.9.2: Universitat 

Dusseldorf, Faul et al., 2007), calculated a required sample size of 90 total participants divided among six 

groups when using a one-way ANOVA and expecting to identify effect sizes of 0.8. Due to the small 

number of male volunteers, data analysis was completed using only females to ensure that the unequal 

distribution of males to females did not affect the findings from the present study. If the G*Power power 

analysis was repeated with only three groups using a one-way ANOVA, the required sample size was 66 

total participants for an effect size of 0.5, which unfortunately was not achieved; however, an effect size 

of 0.8 could be identified with three groups of 10 individuals or more. 

The data collection process for this dissertation took place over two separate collection periods, the first 

consisting of fitness testing, and the second consisting of stiffness testing. 

3.2 First Visit – Fitness Testing 

Fitness testing was used in this study to assess each person’s “Fitness Age”. This was used as an estimate 

of the overall health of the individual and was based on previously published research out of Japan 

(Nakamura, et al., 1990; Nakamura, et al., 1998; Meshizuka, 1967; Lee, et al., 1996). These researchers 

had hundreds of individuals complete an extensive battery of fitness tests and used Principal Component 

Analyses to determine which fitness tests accounted for the variability due to age. They then developed 

regression equations to calculate Fitness Age estimates using an individual’s performance on the fitness 

tests to adjust the participant’s age upward if they perform poorly, and downward if they perform well.  

Prior to fitness testing, participants were instructed not to complete any strength training exercises within 

24 hours of their scheduled participation. If the subjects attended data collection and noted that they had 

worked-out in the day that preceded the collection or if they were experiencing any exercise-induced 

muscle pain, the collection was rescheduled. 
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3.2.1 Fitness Tests 

All fitness tests were performed as described by (Meshizuka, 1967). Participants were not provided 

practice attempts nor warm-up prior to beginning fitness tests, to standardize conditioning at the start of 

the testing period. 

3.2.1.1 Body Composition 

Using a Tanita bioelectrical impedance scale (Tanita BC-418: Arlington Heights, IL, USA), percent body 

fat was obtained for each participant. According to the manufacturer’s instructions for the use of the scale, 

the participants removed their socks and shoes and stood bare-foot on the metal foot-plates of the scale. 

They held the handles in each hand with their arms relaxed at their sides. Upon completion of the 

analysis, the participants were handed the printout from the scale indicating total fat mass, lean mass, 

water, percent body fat, and body mass index, and their percent body fat was recorded. The reliability and 

validity of these measures is high, with intraclass correlation coefficients of 0.97-0.999 with other 

standard tests such as skinfold measurements or dual-energy x-ray absorptiometry in child and adolescent 

populations (Ihmels, et al., 2006, Kabiri, et al., 2015). 

3.2.1.2 Vertical Jump 

Subjects stood alongside a wall, with approximately the length of their upper arm between themselves and 

the wall. They were given a small roll of tape which they wrapped around their fingertips, sticky-side out.  

When ready, they swung their arms, bent their knees, jumped as high as they could, and touched the wall, 

leaving the roll of tape at their peak jump height. They were given 30-60 seconds of rest (as needed) 

before repeating the jump, for a total of three jumps.  Following their three jumps they were handed a 

fourth roll of tape and were asked to place the tape on the wall, from the same position, at their highest 

reach from the ground. The difference between maximum jump height (the highest piece of tape on the 

wall) and their standing reach height was measured as their maximum vertical jump height, in centimeters 

(Figure 3.1). 
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3.2.1.3 Standing Trunk Flexion 

Subjects stood on a box that was instrumented with a rigid ruler that extended 50 cm above and below the 

top surface of the box (Figure 3.2) Participants stood on the box and straddled the ruler. Keeping their 

legs straight, they flexed as far forward as possible, sliding the ruler-stop to the bottom of the maximum 

reach. They then stood upright, stretched if necessary, and repeated the process three times total, with a 

30-60 second rest break between each trial (as needed). The reach distance was measured from the level 

of the feet (bottom of the feet = 0 cm). If the subject was not able to touch their toes their trunk flexion 

was a negative distance and if they could reach past their toes their trunk flexion was a positive distance. 

Their maximum reach distance across the three trials was their maximum trunk flexion in centimeters. 

 

 

 

 

Vertical Jump  

Height (cm) 

Figure 3.1: Vertical jump test. The vertical jump height was measured as the difference between the 

standing reach, and maximum jump reach.  
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3.2.1.4 Side-step (Agility) Test 

This test is uncommon in North America but seems to be a regular part of standardized fitness testing in 

Japan. This test began with three lines of tape placed parallel on the floor, exactly one meter apart. The 

starting position had participants straddling the centre line of tape and required them to side-shuffle until 

their feet crossed the outside line of tape, they then side-shuffled in the opposite direction to cross the 

other two pieces of tape (Figure 3.3). The subjects were not allowed to cross their feet over each other, 

and both feet had to cross the outside line of tape to count. Scoring for this test was the number of lines 

crossed in 20 seconds. A higher score (more lines crossed) indicated higher agility and a lower score 

(fewer lines crossed) indicated lower agility. This test was repeated twice (Meshizuka, 1967) with a 30-60 

second break in between (as needed) to ensure that their score reflected their maximum ability. Generally, 

subjects developed a strategy or rhythm part-way through the first attempt and vastly improved their score 

on their second attempt. 

 

Figure 3.2: An example of the type of device used to measure standing trunk flexion. This was not the 

exact device used, as ours was custom-built, but operated in the same way. 

From  cartwrightfitness.co.uk 
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3.2.1.5 Isometric Low Back Strength  

Subjects completed isometric deadlifts by pulling on a bar attached to a six degree of freedom load cell 

(PY6: Bertec Corporation, Columbus, OH, USA) sampled at 250 Hz using Qualisys Track Manager 

(QTM: Qualisys, Goteborg, SWE). See Appendix C for load cell calibration procedures. The bar was 

positioned at approximately knee-height and required the subjects to bend to approximately 90-degrees at 

their hips, with a slight flex in the knees to eliminate any excessive discomfort from hamstring stretch 

(Figure 3.4). Subjects were instructed to pull as hard as possible on the bar in an upwards direction, using 

only their low back musculature, keeping their arms and legs relaxed. They were coached that the best 

way to accomplish this would be to try to stand up straight, while holding on to the bar. They were told to 

pull as hard as they could and then relax. Upon completing the deadlift, the subjects stood up straight, 

stretched if necessary, and prepared to complete the next trial. Each trial lasted three seconds and was 

repeated three times. They were given 30-60 seconds of rest (as needed) between trials. After each trial, 

they were asked if they believed that was the hardest they could pull, and whether they thought they had 

Figure 3.3: Schematic diagram of side-step test. Subjects started in the centre position and side-stepped to 

either side such that their feet cross the outside line of tape. They then side stepped back across the other 

two lines of tape, until their feet crossed the other outside line. Scoring consisted of counting the number of 

times the participants crossed a line of tape (including the centre line) in 20 seconds. 
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pulled on the bar with their arm or leg muscles. If they said that they thought they had used arms and legs, 

the trial was eliminated and repeated. The peak recorded force for each deadlift was calculated and was 

used to represent their maximum isometric back strength in kilograms. 

3.2.1.6 Grip Strength 

Grip strength was measured using a hand grip dynamometer (Figure 3.5 - Jamar: Sammons Preston 

Roylan, Bolingbrook, IL, USA). Subjects were handed the dynamometer and were asked whether the 

grip-size felt comfortable for the size of their hand. If they required the grip-size to be adjusted, it was 

made larger or smaller according to the manufacturer’s instructions. The subjects squeezed the 

dynamometer as hard as possible and then relaxed, as sustaining the contraction quickly leads to fatigue 

in the gripping muscles. This process was repeated three times for each hand, alternating between right 

and left hands for each trial, with a 30 second break between trials to mitigate fatigue. The maximum grip 

strength recorded, regardless of hand was used as the measure of grip strength, in kilograms.  

Figure 3.4: Proper positioning and instrumentation for isometric deadlift task. 

Load Cell 
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3.2.1.7 Physical Working Capacity (PWC) Test 

The physical working capacity test (PWC) is a variation of the Åstrand-Rhyming Test (Åstrand & 

Rhyming, 1954), which is an incremented submaximal cycle test aimed at assessing a person’s 

cardiorespiratory fitness. The participants were instrumented with a heart rate monitor on a chest strap 

(Wearlink: Polar, Bethpage, NY). They sat on a stationary bicycle (Ergomedic 874E: Monark, Grimaldi 

Industri, Stockholm, Sweden) and adjusted the bicycle’s seat height for their stature and preference. They 

started pedaling at 25 rpm. This slow pace lasted two minutes and served as a form of warm-up for the 

legs, as well as giving the participants a chance to get accustomed to the bicycle. After two minutes, they 

increased their pace to a more normal, realistic pace of 50 rpm. They maintained that pace for the duration 

of the test. Every two minutes a 0.5 kg weight was added to the bicycle to increase the power output by 

25 W. After two minutes of working at each power level the corresponding heart rate was recorded. 

Power demand increased linearly until the corresponding heartrate surpassed 130 beats per minute. When 

130 beats per minute was reached the participant completed that two-minute block and the test ended.  

This test can be completed at three different submaximal heart rate levels: 130 beats per minute, 150 beats 

per minute, and 170 beats per minute but in the interest of safety for all participants, regardless of age or 

fitness level, the lowest level was selected for this protocol. The power levels and corresponding 

heartrates recorded were used to estimate the power demand that would be required to obtain a heartrate 

Figure 3.5: Hand grip dynamometers measure isometric grip strength by squeezing the grip. Grip strength is 

displayed on the dial in both Newtons (N) and kilograms (kg) 

From Mountainside Medical 
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of 170 beats per minute (Figure 3.6). The score for this test was the power level at 170 beats per minute 

normalized to bodyweight (W/kg). The PWC 130 test scores were also used to estimate VO2 Max values 

using the conversion nomogram presented by Åstrand and Rhyming (Åstrand & Rhyming, 1954) 

whereby the power output for the cycle test and its corresponding heart rate are aligned on the nomogram 

using a ruler and the level at which this line intersects the VO2 estimate represents their VO2max with an 

error of ± 10%. 

3.2.2 Fitness Age Calculation 

Using the scores from the fitness tests as well as individual and group ages and standard deviations, an 

estimate for “Fitness Age” was obtained for each participant. This “Fitness Age” represents an 

individual’s overall fitness by accounting for individual tissue health measures including muscle strength 

and power, flexibility, cardiovascular health, and body composition (Nakamura, et al., 1990; Nakamura, 

et al., 1998; Lee, et al., 1996). 

Power  

(W) 

Heart Rate 

(bpm) 

25 108 

50 128 

75 149 

Figure 3.6: The actual PWC 170 estimation graph for subject 4LV1. She is a 56.8 kg female, with a power 

at 170 beats per minute of 100 W. Therefore, 4LV1's PWC test score was 100/56.8 = 1.76 W/kg. 
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Results from the fitness tests were entered into regression equations to estimate fitness age. There were 

three possible regression equations available. Two regression equations were developed by Nakamura and 

colleagues and each equation included the same independent variables recorded from the same fitness 

tests, which included tests of strength, power, and flexibility (Nakamura, et al., 1990, Nakamura, et al., 

1998). One equation was based on a normal population while the other was based on an athletic 

population. The coefficients from these two equations were averaged to give a single new equation 

generated from a larger, more diverse population that covered the age ranges tested in the current work. 

Another regression equation used a more direct assessment to determine the individual’s fitness level by 

measuring factors such as body composition, estimated VO2 max, and grip strength (Lee, et al., 1996). 

The final Fitness Age used in this work and for subsequent analyses was the average of the fitness ages 

obtained from these two equations. These equations are described in detail below and their coefficients 

are provided in Table 3.2. 

Table 3.2: Regression coefficients presented in literature for calculating Fitness Age from fitness test scores for 

women. 

Author 
Back 

Strength 

Grip 

Strength 

Vertical 

Jump 

PWC 

170 

VO2 

max 

Trunk 

Flexion 

Side 

Step 

Percent 

Body Fat 

Correction 

Factor 

Nakamura 

et al. 

(1990) 

0.012  0.047 0.376  0.031 0.058  5.5 

Nakamura 

et al. 

(1998) 

0.014  0.041 0.466  0.032 0.047  5.4 

Lee et al† 

(1996) 
 0.047   0.047 0.049  0.069 2.81* 

† This equation was presented for males and did not use female-specific coefficients, while the other two papers presented 

coefficients for female populations. 

* This paper used two correction factors in the calculation, the first is provided in the table, the second (a z-score) was calculated 

using the following equation:  z-score = (0.18  age) – 8.76. 
 

 

Nakamura and colleagues presented a regression equation for calculating Fitness Age from fitness tests in 

1990, based on data collected from 65 Japanese women aged 20-64 years and later revised this equation 

in 1998. This latter paper offered some changes to the original proposed equation after examining the 

fitness of 249 physically fit women. These two equations are presented below:  
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(Nakamura, et al., 1990) 

 (Nakamura, et al., 1998) 

Because the population examined in the current study is not exclusively fit women, an average of the 

regression coefficients from the two studies (Nakamura, et al., 1990; Nakamura, et al., 1998) was used for 

this analysis. The resulting equation (Equation 1) is as follows: 

 

𝐹𝑆1= Age + SD ∙  (0.013 ∙ BS - 0.044 ∙ VJ - 0.421 ∙ PWC - 0.0315 ∙ TF - 0.0525 ∙ SS + CF )       (1) 

 

Where, 

• FS1 is the calculated Fitness Score (the precursor to Fitness Age1). 

• Age is the average age for the population (in years). 

• SD is the standard deviation for the population (in years). 

• BS is the result from the isometric deadlift test (in kilograms). 

• VJ is the result from the vertical jump test (in centimeters). 

• PWC is the result from the PWC 170 test (in W/kg). 

• TF is the result from the trunk flexion test (in centimeters). 

• SS is the result from the side step (agility) test (in number of lines crossed in 20 seconds). 

• CF is the correction factor (a constant) presented in the paper. In this case, the average between 

the two papers (5.45) was used. 

 

𝐹𝑆1𝑏
= 𝐴𝑔𝑒 + 𝑆𝐷 ∙ (−0.014 ∙ 𝐵𝑆 − 0.041 ∙ 𝑉𝐽 − 0.466 ∙ 𝑃𝑊𝐶 − 0.032 ∙ 𝑇𝐹 − 0.047 ∙ 𝑆𝑆 + 5.4) 

𝐹𝑆1𝑎
= 𝐴𝑔𝑒 + 𝑆𝐷 ∙ (−0.012 ∙ 𝐵𝑆 − 0.047 ∙ 𝑉𝐽 − 0.376 ∙ 𝑃𝑊𝐶 − 0.031 ∙ 𝑇𝐹 − 0.058 ∙ 𝑆𝑆 + 5.5) 
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The second equation used was developed by Lee and colleagues (1996) and is presented below (Equation 

2): 

 

𝐹𝑆2 = 𝐴𝑔𝑒 + 𝑧 𝑠𝑐𝑜𝑟𝑒 + 𝑆𝐷 ∙ (0.069 ∙ 𝐵𝐹 − 0.047 ∙ 𝑉𝑂2𝑚𝑎𝑥 − 0.047 ∙ 𝐺𝑆 − 0.049 ∙ 𝑇𝐹 + 𝐶𝐹)     (2) 

 

Where, 

• FS2 is the calculated Fitness Score (the precursor to Fitness Age2). 

• Age is the average age for the population (in years). 

• z-score is a correction factor to adjust the estimated age downwards for younger individuals and 

upwards for older individuals (z-score = (0.18  age) – 8.76). 

• SD is the standard deviation for the population (in years). 

• BF is the percent body fat (in %). 

• VO2 max is the cardiorespiratory fitness estimate, normalized to bodyweight (in ml/min/kg), 

estimated from the PWC test 

• GS is the grip strength (in kg). 

• TF is the result from the trunk flexion test (in centimeters). 

• CF is the correction factor (a constant, 2.81) presented in the paper.  

Any work that has included estimates of Fitness Age have all corrected the fitness age estimations to 

adjust for biases. A potential bias is based on the assumption, presented by Dubina and colleagues (1984), 

that Fitness Age should correspond to chronological age on average, where for every year increase in 

chronological age there is a corresponding increase in fitness age (Dubina, et al., 1984). Normal, healthy 

aging would be where Chronological Age and Fitness Age are equal throughout the lifespan and 

differences would represent deviations from the normal aging process, where one can be more fit than 

expected for their age or less fit than expected for their age. (Figure 3.7).  
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The correction presented by Dubina and colleagues to ensure that average Fitness Age is equal to average 

Chronological Age is a simple calculation whereby the fitness age estimate is adjusted by the standard 

deviation for the age group (Equation 3) (Dubina, et al., 1984). 

𝑧 = (𝑦𝑖 − �̅�) ∙ (1 − 𝑏)
 

𝑌𝑖 = 𝐵𝐴𝑖 + 𝑧
 

 

Where, z is the calculated correction factor, yi is the Chronological Age of the individual, �̅� is the group 

mean for the Chronological Age, and b is the slope of the regression equation between the biological and 

chronological ages. Yi is the corrected fitness age and is calculated by adding the correction factor (z) to 

the individual’s Fitness Age estimate (BAi). 

While this correction may have been appropriate for the population used in the published study, it was not 

sufficient to adjust the current dataset to achieve the desired relationship. A two-dimensional rotation 

Figure 3.7: Graphical representation of the relationship between Fitness Age and Chronological Age. 

(3) 

LESS FIT THAN 
AVERAGE AGING 

MORE FIT THAN 
AVERAGE AGING 
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matrix (Equation 4) was applied to the data using a custom MATLAB script (R2018a: Mathworks, 

Natick, MA). This script rotated the average Fitness Age for each age group such that the angle of the 

regression line between Fitness Age and Chronological Age matched the 45-degree line of identity that 

represented this one-to-one relationship between Chronological and Fitness ages. This calculation was 

repeated for each age group. 

 

[𝐹𝐴𝑎𝑑𝑗 𝐶𝐴𝑎𝑑𝑗] = [𝐹𝐴 − 𝑚𝐹𝐴 𝐶𝐴 − 𝑚𝐶𝐴] ∙ [
𝑐𝑜𝑠𝜃 −𝑠𝑖𝑛𝜃
𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

] + [𝑚𝐹𝐴 𝑚𝐶𝐴] 

 Where: 

• FAadj and CAadj are the Adjusted Fitness Age and Adjusted Chronological Age* for each person in 

an age group 

o *This process resulted in an “Adjusted Chronological Age” for each individual, but 

since this variable is their age based on their year of birth, this is a fixed value and 

cannot therefore be adjusted, so the CAadj was discarded, and the original CA was used 

moving forward. 

• FA is the original estimated Fitness Age for each person in a Chronological Age group 

• CA is the Chronological Age for each person in the age group 

• mFA and mCA are the averages of the Fitness Ages and Chronological Ages for the age group, 

respectively 

• θ is the difference in angle between the angle of the regression line between Chronological Age 

and Fitness Age, and the desired 45-degree line 

(4) 
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The new, adjusted Fitness Age values are displayed in Figure 3.8. This new, adjusted Fitness Age 

estimate showed an almost perfect correlation with Chronological Age (correlation coefficient = 0.897, p 

< 0.001). 

This process was repeated for each of the three Chronological Age groups (Appendix D). 

3.3 Second Visit: Stiffness Testing 

Four to fourteen days after the initial fitness testing, the participants returned for the second part of the 

data collection. This time gap was selected to eliminate the possibility that the fitness testing session 

altered the material properties of the low back tissues through exercise-induced muscle stiffness or 

soreness and to ensure that the stiffness testing occurred before changes in fitness were expected. Another 

Figure 3.8: Graphical representation of the relationship between Chronological Age and the new Adjusted 

Fitness Age (blue circles, trendline, and equation). The equation of the linear trendline as well as the R-

square for the fit of this line are shown. The original data (red circles, trendline, and equation) is provided for 

reference. 
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requirement was that the stiffness testing occurred at the same time of day as the fitness testing session as 

the material properties of the spine have been shown to change diurnally (Adams, et al., 1987).  

3.3.1 Instrumentation 

To accommodate all of the sensors and markers that were adhered to the participants’ skin, participants 

wore a sports bra and either leggings or short athletic shorts. Complete instrumentation is shown in Figure 

3.9 and detailed application protocols are described in the subsequent sections. 

 

3.3.1.1 Electromyography (EMG) Instrumentation 

Wireless EMG electrodes (Trigno: Delsys, Natick, MA, USA) were adhered bilaterally over six muscles 

of the abdomen and low back using the proprietary adhesive interfaces for the system (Trigno Sensor Skin 

Interface (SC-F03): Delsys, Natick, MA, USA). These sensors have a signal bandwidth of 20-450 Hz, 

Figure 3.9: Instrumentation for the current study. Black boxes represent EMG sensor locations (3.3.1.1), and 

grey spheres represent motion capture marker placement (3.3.1.2). EMG sensor numbers correspond to the 

following muscles: 1 and 2 – Left and Right Lumbar Erectores Spinae (LLES and RLES), respectively; 3 and 

4 – Left and Right Thoracic Erectores Spinae (LTES and RTES), respectively; 5 and 6 – Left and Right 

Lumbar Multifidus (LMULT and RMULT), respectively; 7 and 8 – Right and Left Rectus Abdominis (RRA 

and LRA), respectively; 9 and 10 – Right and Left External Obliquus (REO and LEO), respectively; 11 and 

12 – Right and Left Internal Obliquus (RIO and LIO), respectively. 

From VideoBlocks 

1 2 

3 4 

5 6 

7 8 
9 10 

11 12 
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common mode rejection ration of >80 dB, and are sampled at 1925.93 Hz. All EMG signals were 

collected using the Delsys EMGWorks Acquisition software (Version 4.5.3: Delsys, Natick, MA, USA) 

and were synced with the motion capture software using a 5 V square wave, initiated by pressing a button.  

The skin was first prepared for the adhesive by shaving the area overlaying the muscle of interest, and 

scrubbing vigorously with rubbing alcohol, until the skin turned pink. The six bilateral muscle locations 

were located (Table 3.3) according to published manuscripts. Specific maximum voluntary isometric 

contractions (MVIC) were completed for each muscle based on best practices found in literature. Once 

the electrodes were in place, the skin surrounding the electrode was coated in pre-tape spray (Tuffner: 

Mueller Sports Medicine, Prairie du Sac, WI, USA) to act as a moisture-barrier for the skin. Medical 

adhesive (Hypafix: BSN Medical, Laval, QC, CAN) was then affixed to the sprayed area, spanning the 

entire EMG sensor so as to reinforce its contact with the skin and prevent it from falling off due to 

sweating. The proprietary Delsys skin interfaces adhere wonderfully to dry skin, but when the participant 

starts sweating the interfaces fall off very easily. Unfortunately, the pre-tape spray could not be sprayed 

beneath the EMG sensor as it would interfere with the signal collected and as the electrodes needed to 

remain in place for the duration of the collection, this method seemed like an appropriate alternative. 

Prior to beginning MVIC collections a 30-second relaxed trial was collected. During the trial the 

participant laid on a flat, padded surface and was asked to relax and focus on taking normal, calming 

breaths. EMG was recorded from all muscles and the average activation for each muscle was used as the 

baseline value in the normalization procedure.  

All MVICs (Table 3.3) were completed three times, with 30 seconds of rest between each trial (Ekstrom, 

et al., 2008). The participants were instructed that if they felt tired and needed a longer break it would be 

provided. To facilitate the isometric contractions and ensure that the participants were not able to move 

during the trial, two research assistants, as well as some strategically-placed straps, provided resistance 

against the contraction. Participants were instructed to ramp up to their maximum effort for each muscle. 
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Each maximal contraction was held for three seconds before relaxing. During each MVIC trial the EMG 

signal was plotted in the EMGWorks Acquisition software to ensure that a clean signal was obtained. 

After each contraction, participants were asked whether they believed that they had pushed as hard as 

they could. If they stated that they could have pushed harder, that trial was discarded and another one was 

collected to ensure that three maximal contractions were recorded. The maximum muscle activity across 

all trials was the MVIC for each muscle. 

Table 3.3: EMG sensor placement and maximum voluntary isometric contraction protocols for each muscle of 

interest (six muscles bilaterally). 

Muscle Placement Location MVIC Procedure 

Lumbar 

Erector 

Spinae 

Location of the largest muscle mass, 

approximately 3 cm lateral to the L4 

spinous process, bilaterally (Cholewicki, et 

al., 2005; McGill S. , 1991; Mirka & 

Marras, 1993; Drake & Callaghan, 2006) 

Using a bench, the participant was positioned in 

such a way that they were lying prone, with only 

their hips and ankles supported by the bench and 

their upper body extended beyond the edge of 

the bench. They placed their hands on the floor, 

supporting their upper body with their arms to 

prevent fatigue. This was considered their 

“Resting Position”. A strap was used to secure 

their hips to the bench, and a research assistant 

held their ankles down to provide stability. 

Upon starting the collection, the participants 

crossed their arms over their chest and dipped 

down to form a slight flexion about their hips. 

The second research assistant applied enough 

downward force to their upper back to hold 

them still as the participant attempted to extend 

upward (McGill S., 1991; Mirka & Marras, 

1993). 

Thoracic 

Erector 

Spinae 

Location of the largest muscle mass, 

approximately 3 cm lateral to the T9 

spinous process, bilaterally (Cholewicki, et 

al., 2005) 

Lumbar 

Multifidus 

Approximately 2 cm lateral to the 

lumbosacral junction, bilaterally (Ekstrom, 

et al., 2008; Arokoski, et al., 1999; 

Arokoski, et al., 2001; Danneels, et al., 

2001; Danneels, et al., 2002) 

Rectus 

Abdominis 

Location of the largest muscle mass, 

approximately 3 cm lateral to the 

umbilicus, bilaterally (Cholewicki, et al., 

2005; McGill S. , 1991; Mirka & Marras, 

1993; Drake & Callaghan, 2006) 

A "sit-up" posture was used to normalize these 

abdominal muscles. The participants were 

restrained as they attempted to perform flexion 

and twisting exertions. The participants were 

asked to sit on the bench with the knees bent. A 

research assistant held their feet/ankles to 

provide support. The participants were asked to 

cross their arms over their chest. The 

participants were asked to flex forward, to try to 

twist to the left and right, as well as to bend left, 

and bend right against resistance provided by the 

research assistants (McGill S., 1991; Mirka & 

Marras, 1993) 

External 

Oblique 

Approximately 15 cm lateral to the 

umbilicus, bilaterally. Sensors were placed 

on a 45-degree angle running from lateral 

to medial to coincide with muscle fibre 

orientation (Cholewicki, et al., 2005; 

McGill S. , 1991) 

Internal 

Oblique 

Approximately midway between the 

anterior superior iliac spine and symphysis 

pubis, above the inguinal ligament, 

bilaterally. Sensors were placed on a 45-

degree angle running from medial to lateral 

to coincide with muscle fibre orientation 

(Cholewicki, et al., 2005; McGill S. , 

1991). 
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3.3.1.2 Motion Capture Instrumentation 

Retroreflective markers (Qualisys: Goteborg, SWE) were affixed to the skin over 24 bone landmarks to 

track motion throughout the trial. Markers were adhered using double-sided carpet tape that was cut to 

size. Whenever possible, markers were affixed to the skin; however, when the landmark fell beneath an 

article of clothing (e.g. sports bra or leggings) the marker was affixed to the clothing. The focus of the 

current study was on spine motion tracking and as a result the majority of the sensors were placed along 

the spine and on the trunk. The markers placed elsewhere on the body were mostly for error-checks, 

validation, and redundancy in the case of visibility issues. 

The marker placements are as follows: 

• Spine Tracking: Five markers were placed along the spine, approximately equally spaced from 

C5 to T8 and from L1 to L5 with one marker placed between these two sets at T10 (Figure 3.8). 

The five markers placed from L1 to L5 were spaced closer together than those in the upper back 

and were the primary focus of the study. In order to place the markers accurately, the participants 

were asked to flex forward to approximately 45-degrees so that the spinous processes of the 

vertebrae were visible. Markers were affixed over these bone landmarks and the participant was 

asked to return to upright standing. While skin motion artefact would shift the markers so that 

they would not remain over the vertebral spinous processes when the participant stood or flexed 

beyond 45-degrees, as long as the curvature of the spine was accurately represented there was no 

problem having the markers to move over the spinous processes. In shorter individuals if the 

markers were too close together for accurate collection, the markers were repositioned from 

approximately T12 to S1 to allow for more space.  

• Trunk and Abdominal Tracking: Markers were also placed on the skin overlaying the sternal 

notch, bilateral mid-clavicles, xiphoid process, and umbilicus. 
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• Upper Extremity Tracking: Arm motion was not of interest in the current study and as such upper 

extremity markers consisted of markers placed bilaterally on the acromion processes and muscle 

bellies of the middle deltoid muscle. 

• Lower Extremity Tracking: Lower extremity motion was not of interest in the current study and 

as such, lower extremity markers consisted solely of markers placed bilaterally on the skin 

overlaying the centre of the ilium, and the lateral femoral condyles. Originally, the marker set 

also included a marker over bilateral greater trochanters, but this marker was found to move 

around excessively due to the clothing overlaying the area and was subsequently discarded. 

Once all of the markers had been placed, their visibility was confirmed using the Qualisys Track Manager 

software (Qualisys, Goteborg, SWE) and data collection began. 

For all subsequent data collections, EMG signals were sampled at 1925.93 Hz (the intrinsic sampling 

frequency for the Delsys Trigno system (Delsys Incorporated, 2014) and motion capture data was 

sampled at 500 Hz but was up-sampled through interpolation to 1925.93 Hz in post-processing to match 

the EMG data. In order to synchronize the signals from the two systems, a 5 V signal was passed to both 

systems through their analog input channels. A 5 V square wave was produced when a button was pressed 

on a breadboard. In processing, this signal was identified in both datasets and was used as the starting 

point for the trial. 

3.3.2 Normalization Trial 

Neutral (upright standing) and maximum trunk flexion angles were measured for normalization purposes. 

This allows all angles measured in subsequent analyses to be presented as a percentage of the maximum 

trunk flexion and therefore could be compared between people and between groups.  The normalization 

trial first required the participants to stand upright and relaxed in the middle of the room. They flexed as 

far forward as possible, keeping their back straight throughout the movement, without forcing the motion 

at the end-range.  
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3.3.2.1 Spine Angle Calculation 

To calculate the angle of the lumbar spine, a 200-point quadratic polynomial was fit to the five markers 

overlaying the lumbar spine. In order to account for any errant marker movement or positioning 

impacting the fit of the quadratic, a sixth order polynomial was initially fit to the points and was 

sequentially integrated until a second order polynomial was reached (Figure 3.10). This process 

essentially used an overfit line (i.e. one that passed through the centre of every marker) and sequentially 

took the average of this line until a 200-point second order average that fit the markers was obtained. 

Once an appropriate second order polynomial was developed, the tangent at either end of the curve was 

used to determine the angle of the lumbar spine (Figure 3.11). The tangent was determined by fitting a 

line to the first ten points on the curve and to the last ten points on the curve.  

Figure 3.10: Representation of sequential fit used to determine the curve of the lumbar spine. 

Anterior Posterior 
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All lumbar spine angles were then normalized to the standing trunk flexion trial by subtracting the 

standing spine angle and dividing by the maximum forward flexion angle. This approach represented the 

neutral lumbar spine angle in upright standing as the 0% flexion baseline and the maximum forward 

flexion angle as the 100% flexion maximum with extension angles represented as a negative percentage. 

All angles were subsequently represented as a percent of maximum flexion (%Max Flexion or %MF). 

 

3.3.3 Passive Stiffness Testing 

Passive trunk stiffness testing was completed twice, once after completing the normalization protocols, 

and again after completing a 60-minute period of simulated seated work (Figure 3.12). 

 

 

 

Figure 3.11: Schematic diagram of spine angle estimation in the extended (far left), neutral (middle) and flexed (far 

right) trunk positions.  

Anterior 

Anterior Anterior Posterior 

Posterior 

Posterior 
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3.3.3.1 Stiffness Testing Apparatus 

A custom passive stiffness testing apparatus was constructed based on descriptions presented in the 

literature (McGill, et al., 1994; Beach, et al., 2005; De Carvalho & Callaghan, 2011). The apparatus 

(Figure 3.13) constrained the participant’s pelvis and lower extremities while allowing the upper body to 

move freely, unaffected by gravity. 

The lower body cradle consisted of a wooden surface with a ¾-inch layer of high-density foam to increase 

participant comfort in the apparatus. At one end of the cradle was a solid post to allow for positioning of 

the pelvis. The lower body cradle was outfitted with several straps and buckles to eliminate any 

movement or rotation of the participant’s lower body. Finally, removable cushions eliminated any lateral 

spine bending when the participant was in position. 
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Figure 3.12: Data collection timeline for the second visit. Passive trunk stiffness trials are highlighted in red. As 

shown in the diagram, these stiffness testing sessions occurred immediately before and after a 60-minute period of 

seated computer work. 
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The ball bearing surface was made from 1-inch medium density fiberboard (MDF), an engineered wood 

that is stronger and denser than particle board that will resist deformation from the pressure of the loaded 

ball bearings. The MDF was cut into a 4-foot diameter, one-third circle to allow for approximately 120-

degrees of movement. Thin, flexible boards were placed along the outside of the shape to prevent the 

bearing balls from rolling off the surface. The MDF surface was buffed and polished with furniture polish 

to decrease its coefficient of friction (which was subsequently measured to be 0.012, see Appendix E). 

This low coefficient of friction was maintained by dusting and vacuuming the surface regularly and 

keeping the surface covered with a sheet. The bearing balls were also cleaned regularly to ensure that they 

were not gathering dust. 

Load Cell 

Support Posts 

Lower Body Cradle 

Upper Body Cradle 

“Frictionless” Surface 

Figure 3.13: Passive stiffness testing session with principal elements labeled. 
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The upper body cradle rested on the surface of bearing balls allowing for the free, near-frictionless motion 

of the cradle. The upper body cradle consisted of a wooden surface, the underside of which was covered 

in the same 1-inch MDF as the bearing ball surface and the top of which was covered in the same ¾-inch 

foam as the lower body cradle. The upper body cradle had several holes drilled into it to position 

moveable posts which provided stability and consistent positioning for the participants. Having multiple 

possible locations for these posts allowed the device to accommodate individuals of different sizes. The 

upper body cradle also contained two sets of straps to secure the participant to the upper body cradle, so 

that the cradle and participant moved as one unit. A load cell (AMTI MC3-6-250, Watertown, MA, USA) 

was mounted to the top of the upper body cradle to measure the applied force. 

The participant adopted a side-lying position in the apparatus with the legs on the lower-body cradle and 

knees bent. The anterior superior iliac spines of the pelvis were placed against the rigid square support 

post that was bolted to the lower body cradle (Figure 3.13). This support post served two purposes. First, 

it provided confirmation of accurate positioning of the participant on the lower body cradle. It also helped 

the participant keep their pelvis perpendicular to the cradle during the test without rolling forward or 

backward during the motion. With the participant’s lower body in place, the position of the upper body 

cradle was manipulated such that the bottom edge of the cradle lined up with the lowest set of ribs. This 

left the lumbar spine unsupported and floating over an open space between the two surfaces. Pillows were 

placed under the head, between the knees, and under the rib cage as needed to maintain a neutral spine 

position. The adjustable round posts were placed such that they provided support to the participant’s back 

and ankles and were placed in front of the participant so that they could passively wrap their arms around 

the posts. These posts helped the participant maintain their perpendicular position on the cradle without 

rolling forward or backward while testing. Finally, the participant was strapped into place with four sets 

of straps: two across the torso, one across the thighs, and one across the ankles. These straps were 

tightened so they were secure but not uncomfortable. 
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3.3.3.2 Passive Stiffness Testing Protocol 

With the participant in place, data collections could begin. Each data collection lasted 30 seconds. The 

participant was instructed to relax all their muscles and focus on breathing slow, shallow breaths. A 

research assistant monitored the EMG activity from all muscles throughout the collection to ensure that 

the muscle activity never increased beyond 5% of the MVICs collected previously. If, at any point, EMG 

levels increased beyond this threshold, the trial was discarded and repeated. With the participant relaxed 

the researcher pulled on a cable attached to the load cell, being to keep the applied force perpendicular to 

the participant’s upper body, to create a bending moment and begin forward trunk flexion. Flexion 

happened slowly, using the entire 30 seconds to reach full forward trunk flexion. The bending ended 

when they could no longer be pulled further due to their having reached their personal maximum range of 

motion, when the participant reached the end range of motion of the device and their chest met their knees 

(a rare occurrence), or when they voiced discomfort (also a rare occurrence). After the 30 seconds had 

passed, the participant was repositioned such that they had a neutral spinal curvature (similar to that seen 

in relaxed standing) and the process was repeated two more times. The average of these three tests was 

used to represent passive trunk stiffness for each participant. In the event of an abnormal trial or marker 

visibility issues, the errant trial was discarded and an average of two trials was used to represent passive 

trunk stiffness. 

3.3.3.3 Passive Trunk Stiffness Calculation 

To calculate passive trunk stiffness, spine angles were normalized to maximum standing trunk flexion 

angles and were expressed as percent of maximum flexion (% Max Flexion). These normalized angles 

were then plotted against the applied torque, which was calculated by multiplying the force from the load 

cell (filtered with a 4th order, dual-pass Butterworth filter with a filter cutoff of 5 Hz) by the moment arm 

(measured from the load cell to the L5 spine marker, Figure 3.13). This angle-torque graph was then fit 

with a sixth order polynomial that was numerically integrated to obtain a fifth order polynomial (Beach, 

et al., 2005; De Carvalho & Callaghan, 2011). The areas of highest change in slope of this fifth order 
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curve were identified and were used as “breakpoints” to denote the transition points between the regions 

of the load-deformation curve (i.e. neutral region, toe region, and linear region). This analysis could have 

also been completed using two regions, however the method using three regions presented a better linear 

fit for the data (Appendix G). Linear trendlines were fit to each of these three regions (Figure 3.14). The 

slope of the linear region of the curve was taken as the estimate of passive trunk stiffness. 

 

3.3.4 Prolonged Seated Work 

3.3.4.1 Computer Workstation Setup 

The participants then sat at a computer visual display terminal (VDT) workstation. The workstation was 

adjusted so that it suited their stature: 

• Backrest: The backrest of the chair was removed to allow for marker visibility while working and 

therefore back support could not be adjusted. 

• Seatpan Height: Seatpan height was adjusted such that the participant was able to sit with 

approximately 90-degrees at their ankles, knees, and hips. 

Figure 3.14: Average torque-angle curves for each of the three chronological age-groups. The linear slopes denoting 

the neutral, toe, and linear regions of the curves are represented, but for the purposes of this study, only the slope of 

the linear region is discussed. As shown, the slope of the linear region increases with increasing age.  
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• Armrest height: The armrests were adjusted such that they fall directly beneath the elbows with 

the shoulder relaxed and elbows flexed to 90-degrees 

• Keyboard tray height: The keyboard tray was placed at a height that promoted neutral wrist and 

hand postures while typing and using the mouse. 

• Monitor height: The monitor was positioned such that the top of the screen was just below eye-

level. If the participant required bifocal lenses to see the screen, the monitor was lowered further 

to promote a neutral neck posture while reading the screen. 

• Monitor distance: The monitor was positioned within one arm’s length from the participant’s 

working position. 

Participants were told that they could sit in whatever manner they deemed comfortable but that they could 

not stand until instructed to do so. 

3.3.4.2 Seated Task 

While seated at the computer VDT workstation, the participants completed a lifestyle questionnaire. This 

questionnaire incorporated equal parts of typing and mouse-use and was developed based on a series of 

previously tested and validated surveys from Statistics Canada that asked about lifestyle factors such as 

smoking and drinking habits, exercise frequency, sleep quality, nutrition quality, medications, medical 

history, stress, mental health, life satisfaction, employment history, and various demographic elements. 

The purpose of the questionnaire was to distract the participants from the research environment. The 

attention and concentration required to complete the questionnaire simulated a real-life work task thereby 

dividing their attention so that they were likely to forget that they were being watched and sit more 

naturally. If the participants had been allowed to watch videos or play games on the computer or on their 

phone, they would have likely adopted different working postures that would not reflect those commonly 

adopted during a sedentary job.  
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3.3.4.3 Data Collection and Processing – Prolonged Sitting 

At the very beginning and end of the seated period and every ten minutes throughout (7 instances in 

total), three sets of data were collected.  

3.3.4.3.1 Perceived Discomfort 

The participant was asked to rate their low back discomfort on a 100-unit visual analog scale (VAS) 

presented on a tablet (VAS Translator (VAS Tool) for iPad: TaF|Media, Amsterdam, Netherlands). The 

anchors for the scale were “No discomfort” and “Worst discomfort imaginable”. Participants were asked 

to simply drag the slider to the appropriate position on the scale. All the quantifiable information was 

hidden from the participant’s view so that it was simply a matter of matching their current discomfort to 

the position on the scale without being able to match what they had previously selected. An absolute 

change in perceived discomfort of 10 units or more was classified as a clinically-relevant increase in low 

back discomfort (Kelly, 1998; Nelson-Wong & Callaghan, 2010). Once the participants had returned to 

the questionnaire following their rating of their discomfort on the VAS, 30-seconds of EMG and motion 

capture data were collected.  

3.3.4.3.2 Seated Spine Posture 

Locations for the five markers over the lumbar spine were collected every 10 minutes for 30 seconds. 

Lumbar spine flexion angle was calculated as detailed previously and was normalized to maximum 

standing trunk flexion. Outcome variables included average spine flexion angle across the seven seated 

epochs and net movement while sitting. The average spine flexion angle was calculated within each epoch 

and the average of these seven average angles was calculated as an average seated spine angle over the 

seated period. Net movement while sitting was defined as the difference between the maximum average 

spine flexion angle and the minimum average spine flexion angle across the 7 collection epochs. 
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3.3.4.3.3 Seated Muscle Recruitment Patterns 

EMG data for the twelve muscle sensors was collected every 10 minutes for 30 seconds. Each of these 

epochs was processed separately to obtain the average EMG amplitude outcome for each epoch.  

EMG data was processed according to the methodology described by Schinkel-Ivy and colleagues (2013).  

Signal processing was performed using a custom MATLAB script (v2018a: Mathworks, Natick, MA). 

After data collection, the EMG signals were high-pass filtered using a dual-pass Butterworth filter with a 

cutoff frequency of 30 Hz to remove heart rate contamination (Schinkel-Ivy, et al., 2013; Drake & 

Callaghan, 2006). First, the DC bias was removed, then the EMG signals were full-wave rectified, and 

low-pass filtered using a dual-pass Butterworth filter with a cutoff frequency of 2.5 Hz (Schinkel-Ivy, et 

al., 2013; Brereton & McGill, 1998) and normalized to the MVIC for that muscle.  

To assess differences in EMG amplitudes between age and discomfort groups and the association between 

EMG amplitude and initial stiffness, the net average normalized EMG amplitude across the 7 epochs was 

then recorded as the average seated EMG amplitude for each muscle.  

The normalized EMG data were down-sampled to 50 Hz to calculate muscle co-contraction indices 

(CCIs) for all possible pairings of muscles (66 in total) using Equation 5. (Schinkel-Ivy, et al., 2013; 

Lewek, et al., 2004; Nelson-Wong & Callaghan, 2010). 

𝐶𝐶𝐼 = ∑ (
𝐸𝑀𝐺𝑙𝑜𝑤(𝑖)

𝐸𝑀𝐺ℎ𝑖𝑔ℎ(𝑖)

) (𝐸𝑀𝐺𝑙𝑜𝑤(𝑖)
+ 𝐸𝑀𝐺ℎ𝑖𝑔ℎ(𝑖)

)

𝑁

𝑖=1

 

Where 

• CCI is a quantitative measure of the degree of coactivation for a pair of muscle groups  

• N is the number of data points in the analysis 

(5) 
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• EMGlow and EMGhigh are the relative magnitudes of the linear enveloped EMG for the 

muscle pairs, with EMGhigh being the EMG signal with the higher magnitude at each 

instant in time.  

A custom Matlab script compared the magnitude of EMG activation (% MVIC) on a point-by-point basis 

for determination of EMGlow and EMGhigh values for entry into Equation 5.  

3.3.1 Effect of sitting Analysis 

Upon completing the 60-minute period of seated “work” the participants were instructed to remain seated 

so as not to disrupt any changes in the low back tissues that developed while sitting. The participant, 

while sitting in the chair, was wheeled over to the passive stiffness testing apparatus and was positioned 

appropriately without having to walk or stand. Following positioning, the three flexion trials were 

collected. At this point all straps and adjustments had already been made for the participant during the 

first set of passive stiffness testing, and as such, completing the second passive stiffness test took less than 

five minutes. 

3.3.2 Concluding the collection 

Following the second set of three passive stiffness testing trials the participants were instructed to stand 

and the instrumentation was removed. Before leaving the lab, each participant was handed a summary of 

their performance on the fitness tests from the session before as well as an estimate of their fitness age 

and normative data comparing their results to their peers. 

3.4 Statistical Analyses 

For all analyses, an alpha value of 0.05 was selected to denote statistical significance. 

Bivariate correlations were used to assess the relationship between passive trunk stiffness (before and 

after sitting) with age (Chronological and Fitness Ages) and discomfort score. A group-wise comparison 

for stiffness before and after sitting with all age groups was completed using two 2x3 Repeated Measures 
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ANOVAs. Post hoc analyses with a Bonferroni adjustment were used to identify significant effects for 

any interactions revealed by the ANOVA. A paired-samples t-test was used to detect between-group 

differences for pain groups (pain developers and non-pain developers) with stiffness before and after 

sitting. 

Bivariate Pearson’s correlations calculated the strength of the relationships between seated lumbar posture 

and seated lumbar mobility with stiffness before and after sitting, age (Chronological and Fitness Ages) 

and discomfort score. Multivariate ANOVAs were used to identify any differences in seated lumbar 

posture or lumbar spine movement between age groups. Post hoc analyses with Bonferroni adjustments 

were used to identify any main effects for any interactions detected by the ANOVA. Independent samples 

t-tests were used to assess differences in seated lumbar posture or mobility between pain developers and 

non-pain developers. 

Bivariate Pearson’s correlations estimated the strength of the relationships between average EMG 

amplitude for each muscle and CCI for each muscle pairing and age (Chronological and Fitness Ages), 

stiffness and pain score. Multivariate ANOVAs were used to identify any differences in the EMG 

variables between age groups. Post hoc analyses with Bonferroni adjustments were used to determine the 

specific between-group differences identified by the ANOVAs, as appropriate. Independent samples t-

tests were used to assess differences in EMG amplitude and CCI for each muscle/muscle pairing between 

pain developers and non-pain developers.  
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Chapter 4 

Results 

4.1 Fitness Age 

Complete results from all fitness tests are presented in Appendix F. 

The average performance on each of the fitness tests used in the regression equations are presented in 

Table 4.1. The results collected in the current study are generally similar to those from literature with the 

exception of percent body fat, which was much higher in the current population, and grip strength, which 

was lower in the current population. 

Table 4.1: Average (SD) for each of the fitness tests used in the calculation of Fitness Age by either equation. 

Study 

Back 

Strength 

(kg) 

Vertical 

Jump 

(cm) 

PWC170 

(W/kg) 

Trunk 

Flexion 

(cm) 

Side 

Step (# 

of lines) 

Grip 

Strength 

(kg) 

VO2max 

(ml/min/kg) 

Percent 

Body 

Fat (%) 

Nakamura 

1990 

82.6 

(23.2) 

33.7 

(7.1) 

2.4 

(0.5) 

13.7 

(6.6) 

34.6 

(6.4) 
   

Nakamura 

1998 

79.8 

(20.1) 

32.2 

(8.1) 

2.2 

(0.5) 

12.6 

(6.7) 

34.6 

(7.2) 
   

Lee* 

1996 
   

5.6 

(7.6) 
 

43.9 

(7.4) 

40.8 

(12.0) 

16.0 

(4.9) 

Current 

Study 

77.7 

(28.2) 

31.9 

(8.0) 

2.1 

(0.5) 

8.3 

(7.9) 

36.3 

(5.6) 

33.5 

(7.8) 

43.9 

(8.9) 

32.2 

(7.0) 

*Average values for males only 

 

Furthermore, the correlations between age and performance on each of the fitness tests used in the 

regression equations are presented in Table 4.2. With the exception of the PWC 170 and VO2 max, and 

trunk flexion tests, all of the tests showed the expected relationships with age. 
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Table 4.2: Correlation values and corresponding significance levels for all fitness test score with Chronological and 

Fitness Age 

 Chronological Age Fitness Age 

 Pearson r Sig Pearson r Sig 

Chronological Age --- --- 0.897* 0.000 

Fitness Age 0.897* 0.000 --- --- 

Back Strength -0.437* 0.008 -0.443* 0.007 

Vertical Jump -0.711* 0.000 -0.790* 0.000 

PWC 0.063 0.715 -0.175 0.309 

Side Step -0.750* 0.000 -0.852* 0.000 

Trunk Flexion -0.121 0.482 -0.303 0.72 

Grip Strength -0.465* 0.004 -0.451* 0.006 

VO2max 0.067 0.698 -0.197 0.250 

Body Fat Percentage 0.515* 0.001 0.695* 0.000 

*Significant at the 0.01 level (2-tailed) 

 

 

Based on each individual’s performance on the fitness tests listed above, their estimated Fitness Age 

could be calculated. Each participant’s estimated Fitness Age, as well as their Chronological Age and 

age-group classifications for each age variable are presented in Table 4.3. On average, the Fitness Age 

fell within the same age bin as their Chronological Age with some exceptions. Some of the younger and 

older individuals fell in the middle-age bin, while those in the middle Chronological Age bin could fall in 

either the younger or older Fitness Age bin. 

 

 

 

 

 

 

 

 



68 

 

Table 4.3: Chronological and Fitness Age group classifications for each participant (N = 37, CA = 20-25, n = 13; 

CA = 40-45, n = 11; CA = 60-65, n = 13). Δage represents the difference between Fitness Age and Chronological 

Age, where a negative number represents FA older than CA, and a positive number represents FA younger than CA. 

Subject 

Number 

Chronological 

Age  

(years) 

Fitness 

Age 

(years) 

Δage 

(years) 

CA 

Group 

FA 

Group 

S20 21 20 1 Younger Younger 
S9 22 23 -1 Younger Younger 

S12 22 29 -7 Younger Middle 

S27 22 19 3 Younger Younger 
S15 22 27 -5 Younger Middle 
S33 23 20 3 Younger Younger 

S48 23 26 -3 Younger Middle 
S1 24 23 1 Younger Younger 

S21 24 24 0 Younger Younger 
S2 25 29 -4 Younger Middle 
S6 25 28 -3 Younger Middle 

S25 25 21 4 Younger Younger 
S24 26 26 0 Younger Middle 

S19 40 23 17 Middle Younger 
S40 40 66 -26 Middle Older 

S38 41 30 11 Middle Middle 
S46 41 37 4 Middle Middle 
S52 41 38 3 Middle Middle 

S45 42 40 2 Middle Middle 
S47 42 57 -15 Middle Older 
S51 42 62 -20 Middle Older 

S53 43 33 10 Middle Middle 
S7 44 51 -7 Middle Middle 

S32 44 55 -11 Middle Older 

S50 58 64 -6 Older Older 

S44 59 49 10 Older Middle 
S18 60 56 4 Older Older 

S23 60 59 1 Older Older 
S36 60 69 -9 Older Older 
S15 61 62 -1 Older Older 

S22 61 63 -2 Older Older 
S29 61 64 -3 Older Older 
S49 63 74 -11 Older Older 

S4 64 72 -8 Older Older 
S10 64 66 -2 Older Older 

S43 64 60 4 Older Older 
S3 66 71 -5 Older Older 
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4.2 Passive Trunk Stiffness  

Typical torque-angle curves for the passive trunk stiffness tests for each participant are presented in 

Figure 4.1.  

 

 

Figure 4.1: Representative stiffness curves before sitting for each participant (n = 30). The 

slope of the uppermost region of the lines was used to calculate stiffness (measured in 

Nm/% Max Flexion) for each participant. 
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Based on these curves, the passive trunk stiffness was estimated. Due to marker visibility issues and load 

cell malfunction, the data for 7 participants were discarded. The passive trunk stiffness before and after 

sitting as well as the difference between these variables are presented in Table 4.4.  

Table 4.4: Passive trunk stiffness values (measured in Nm/% Max Flexion) before and after sitting for all 

participants (N = 30, CA = 20-25, n = 10; CA = 40-45, n = 9, CA = 60-65, n = 11). Δk represents the change in 

stiffness where a negative value denotes that stiffness decreased after sitting, while a positive value denotes an 

increase in stiffness after sitting. 

Subject 

Number 

Chronological 

Age 

(years) 

Fitness 

Age 

(years) 

Stiffness 

Before 

(Nm/%MF) 

Stiffness 

After 

(Nm/%MF) 

Δk 

(Nm/%MF) 

S20 21 20 0.36 0.39 0.03 

S9 22 23 0.28 0.25 -0.04 

S12 22 29 0.55 0.46 -0.10 

S27 22 19 0.76 0.36 -0.40 

S33 23 20 0.69 0.24 -0.45 

S1 24 23 0.40 0.39 -0.01 

S21 24 24 0.69 0.50 -0.20 

S2 25 29 0.25 0.44 0.19 

S6 25 28 0.62 0.61 -0.01 

S24 26 26 0.46 0.48 0.02 

S19 40 23 1.01 0.68 -0.34 

S40 40 66 0.79 0.92 0.13 

S38 41 30 0.46 0.49 0.03 

S46 41 37 0.58 0.95 0.37 

S52 41 38 0.62 0.76 0.13 

S47 42 57 1.10 0.65 -0.44 

S53 43 33 0.32 0.80 0.48 

S7 44 51 0.51 0.45 -0.06 

S32 44 55 0.98 0.62 -0.36 

S50 58 64 1.53 0.93 -0.60 

S44 59 49 0.74 0.40 -0.33 

S18 60 56 0.32 0.39 0.07 

S23 60 59 0.40 0.48 0.08 

S36 60 69 0.78 0.71 -0.08 

S29 61 64 0.50 0.46 -0.04 

S49 63 74 0.53 0.81 0.29 

S43 64 60 0.76 0.63 -0.13 

S4 64 72 1.17 1.16 -0.01 

S10 64 66 0.88 0.62 -0.26 

S3 66 71 0.77 0.45 -0.32 
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4.3 Seated Spine Posture 

Average flexion angle during each epoch, as well as overall average lumbar flexion angle, and range of 

lumbar spine flexion angles (representing seated movement) are presented in Table 4.5. Due to marker 

visibility issues, the data for six participants were discarded from the analysis. 

Table 4.5: Average seated spine posture data (in % Max Flexion) for each participant (N = 31, CA = 20-25, n = 9; 

CA = 40-45, n = 10; CA = 60-65, n = 12) for all seven seated time epochs. The Mean is an average of all seven time 

points, while the Range in the maximum spine flexion angle minus the minimum spine flexion angle (in % Max 

Flexion) 

Subject 

# 

CA 

(years) 

FA 

(years) 

Seated Epochs 
Mean 

(%MF) 

Range 

(%MF) 
1 

(%MF) 

2 

(%MF) 

3 

(%MF) 

4 

(%MF) 

5 

(%MF) 

6 

(%MF) 

7 

(%MF) 

S20 21 20 13.2 13.2 -1.0 -18.1 -18.1 25.0 29.6 6.3 47.7 

S9 22 23 42.5 36.3 20.0 34.2 7.4 42.6 68.0 35.8 60.5 

S27 22 19 86.7 86.7 83.4 82.1 83.9 76.6 79.2 82.6 10.1 

S33 23 20 27.3 36.4 43.2 36.1 40.4 54.9 39.8 39.7 27.5 

S48 23 26 41.3 44.8 71.6 63.8 70.3 53.2 47.9 56.1 30.2 

S21 24 24 52.0 44.7 48.8 56.7 59.8 36.8 45.9 49.2 23.1 

S6 25 28 62.3 60.6 77.0 70.1 82.7 79.5 82.2 73.5 22.1 

S25 25 21 -2.0 14.7 1.1 28.6 17.0 18.6 4.7 11.8 30.6 

S24 26 26 127.4 121.0 128.8 131.4 134.1 105.0 116.2 123.4 29.1 

S19 40 23 65.4 68.2 64.2 63.3 63.1 62.7 59.7 63.8 8.5 

S40 40 66 77.8 81.7 78.4 87.6 80.5 31.2 78.7 73.7 56.4 

S38 41 30 69.3 75.7 80.0 78.8 71.0 68.9 67.6 73.0 12.5 

S46 41 37 35.5 40.4 36.5 17.6 30.5 10.5 24.7 28.0 29.9 

S52 41 38 76.9 82.1 87.8 91.3 95.3 87.6 84.6 86.5 18.4 

S47 42 57 78.9 73.1 74.7 71.4 72.8 69.7 75.5 73.7 9.3 

S51 42 62 82.1 84.5 88.4 91.8 85.0 84.5 80.2 85.2 11.5 

S53 43 33 55.6 57.8 95.7 103.9 141.8 136.5 107.8 99.9 86.2 

S7 44 51 -54.0 5.2 -30.0 -91.9 -26.9 51.9 -50.8 -28.1 143.8 

S32 44 55 63.5 45.4 40.1 61.5 63.6 62.9 66.5 57.7 26.4 

S50 58 64 46.2 49.6 55.8 57.7 56.7 57.7 59.0 54.7 12.9 

S44 59 49 73.0 84.1 80.7 94.6 79.7 79.1 86.1 82.5 21.5 

S18 60 56 -7.1 23.5 41.2 41.2 60.5 81.4 53.6 42.0 88.5 

S23 60 59 53.1 42.3 56.5 51.9 52.2 57.8 55.7 52.8 15.5 

S36 60 69 67.1 78.2 78.7 79.4 66.0 74.7 77.1 74.5 13.3 

S22 61 63 60.8 68.0 72.4 75.6 73.4 71.3 34.8 65.2 40.8 

S29 61 64 53.9 55.9 58.3 53.2 53.8 51.4 51.4 54.0 6.9 

S49 63 74 0.6 -1.3 17.0 36.9 38.1 45.2 21.3 22.6 46.5 

S4 64 72 32.2 40.0 37.3 45.6 43.6 47.3 40.1 40.9 15.1 

S10 64 66 51.5 59.8 76.5 59.4 79.0 62.2 71.6 65.7 27.5 

S43 64 60 127.6 121.3 124.6 88.5 115.4 114.9 106.7 114.1 39.0 

S3 66 71 45.1 45.6 90.7 49.9 18.5 58.1 57.9 52.2 72.2 
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Perceived low back discomfort developed while seated is provided in Table 4.6.  

Table 4.6: Perceived low back discomfort data for all seated time epochs. Min and Max represent the minimum and 

maximum perceived discomfort levels (out of 100) respectively for each participant (N = 36, CA = 20-25, n = 12; 

CA = 40-45, n = 11; CA = 60-65, n = 13). Range is the absolute change in perceived discomfort level (Max - Min). 

PD/NPD is the discomfort group classification for each participant where pain developers (PD) were any subjects 

scoring a ten-unit change or higher out of the possible 100 units, representing those who developed clinically-

relevant low back discomfort, while the non-pain developers (NPD) did not. 

Subject 

# 

CA 

(years) 

Seated Epochs 
Min Max Range 

PD/ 

NPD 1 2 3 4 5 6 7 

S20 21 0 0 0 0 0 0 0 0.0 0.0 0.0 NPD 

S9 22 3 29 22 45 31 20 20 3.0 45.0 42.0 PD 

S12 22 0 2 4 4 10 12 12 0.0 12.0 12.0 PD 

S27 22 0 0 0 6 11 15 10 0.0 15.0 15.0 PD 

S33 23 0 0 4 5 6 7 9 0.0 9.0 9.0 NPD 

S48 23 0 12 8 20 25 26 26 0.0 26.0 26.0 PD 

S1 24 0 0 1 5 21 19 19 0.0 21.0 21.0 PD 

S21 24 4 4 5 9 16 20 19 4.0 20.0 16.0 NPD 

S2 25 11 12 17 23 37 52 59 11.0 59.0 48.0 PD 

S6 25 0 0 2 2 1 1 1 0.0 2.0 2.0 NPD 

S25 25 3 2 4 12 17 22 25 2.0 25.0 23.0 PD 

S24 26 0 6 0 4 1 6 4 0.0 6.0 6.0 NPD 

S19 40 4 13 23 25 27 33 35 4.0 35.0 31.0 PD 

S40 40 0 8 8 3 1 0 3 0.0 8.0 8.0 NPD 

S38 41 0 0 10 28 24 26 26 0.0 28.0 28.0 PD 

S46 41 2 1 1 17 23 4 21 1.0 23.0 22.0 PD 

S52 41 6 4 5 7 8 11 11 4.0 11.0 7.0 NPD 

S45 42 0 1 13 10 16 17 18 0.0 18.0 18.0 PD 

S47 42 0 0 0 0 1 6 13 0.0 13.0 13.0 PD 

S51 42 0 0 0 0 0 0 15 0.0 15.0 15.0 PD 

S53 43 0 3 7 9 8 9 7 0.0 9.0 9.0 NPD 

S7 44 0 0 13 17 6 28 11 0.0 28.0 28.0 PD 

S32 44 0 2 8 0 3 7 8 0.0 8.0 8.0 NPD 

S50 58 0 0 3 1 8 15 16 0.0 16.0 16.0 PD 

S44 59 0 0 0 0 1 1 1 0.0 1.0 1.0 NPD 

S18 60 0 0 0 0 1 0 0 0.0 1.0 1.0 NPD 

S23 60 0 0 3 0 0 3 3 0.0 3.0 3.0 NPD 

S36 60 0 0 3 4 5 6 8 0.0 8.0 8.0 NPD 

S22 61 0 0 6 6 14 23 25 0.0 25.0 25.0 PD 

S29 61 0 0 0 0 0 0 3 0.0 3.0 3.0 NPD 

S49 63 0 0 0 0 3 13 15 0.0 15.0 15.0 PD 

S4 64 0 0 9 5 8 6 5 0.0 9.0 9.0 NPD 

S10 64 0 0 0 3 6 5 2 0.0 6.0 6.0 NPD 

S43 64 0 0 0 5 7 16 18 0.0 18.0 18.0 PD 

S28 65 12 19 21 13 16 11 14 14.0 21.0 7.0 NPD 

S3 66 0 6 9 5 5 0 0 0.0 9.0 9.0 NPD 
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4.4 Seated EMG 

Average EMG amplitude during each epoch, as well as overall average muscle activation, and range of 

EMG amplitude for the lumbar erector spinae muscle for each participant are presented in Table 4.7. 

Furthermore, average EMG amplitude for each of the twelve muscles of interest for each participant is 

presented in Table 4.8. Lastly, the co-contraction index for the bilateral lumbar erector spinae muscle 

pairing during each epoch, as well as the overall average and range for the CCI for each participant are 

provided in Table 4.9. For all EMG variables, the data for nine participants were discarded due to sensor 

malfunction and artefact caused by poor sensor adhesion. 
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Table 4.7: Average EMG data for the left lumbar erector spinae muscle (measured in % MVIC) for each participant (N = 28, CA = 20-25, n = 9; CA = 40-45; n 

= 9; CA = 60-65, n = 10) for all seven seated time epochs. Mean represents the average muscle activation across the 7 seated time epochs, while Range 

represents the absolute change in muscle activity (Max-Min) while seated. Data for the remaining muscles is presented in Appendix H. 

Subject # 
CA 

(years) 

Seated Epochs 
Mean 

(%MVIC) 

Range 

(%MVIC) 
1 

(%MVIC) 

2 

(%MVIC) 

3 

(%MVIC) 

4 

(%MVIC) 

5 

(%MVIC) 

6 

(%MVIC) 

7 

(%MVIC) 

S20 21 5.96 6.62 8.50 7.46 8.02 8.12 6.48 7.31 2.54 

S9 22 6.20 7.42 9.08 7.81 9.41 6.90 6.36 7.60 3.21 

S27 22 3.69 3.66 4.52 4.60 4.32 5.19 4.00 4.28 1.53 

S33 23 1.37 1.62 2.41 1.40 1.78 2.03 1.58 1.74 1.05 

S48 23 2.48 1.96 2.24 2.23 1.81 2.53 2.03 2.18 0.72 

S21 24 1.90 2.92 3.44 2.92 3.44 3.19 2.44 2.89 1.55 

S6 25 1.68 3.17 2.15 2.17 3.51 2.30 2.44 2.49 1.83 

S25 25 3.37 2.40 2.43 1.45 2.35 3.98 4.54 2.93 3.09 

S24 26 4.00 3.38 4.35 4.17 3.56 4.46 6.44 4.34 3.06 

S19 40 1.17 1.20 1.03 1.03 1.30 1.08 1.08 1.13 0.27 

S40 40 8.44 4.63 3.00 5.80 6.88 7.71 8.17 6.38 5.44 

S38 41 1.74 1.89 2.43 2.44 2.50 2.25 2.93 2.31 1.19 

S46 41 5.07 2.86 3.81 3.53 4.80 4.20 4.44 4.10 2.21 

S52 41 4.75 5.58 5.15 4.59 3.50 6.47 5.85 5.13 2.97 

S45 42 5.48 4.54 7.43 3.99 7.17 3.59 3.51 5.10 3.92 

S47 42 6.90 4.82 4.05 3.14 3.20 4.66 5.06 4.55 3.76 

S53 43 2.66 1.63 1.62 1.43 1.08 1.10 0.91 1.49 1.75 

S32 44 6.01 7.10 5.57 7.62 5.37 5.22 6.05 6.13 2.40 

S50 58 4.34 3.49 3.64 4.44 3.38 3.83 5.04 4.02 1.67 

S44 59 4.02 3.93 2.54 3.53 4.39 7.84 2.79 4.15 5.30 

S18 60 4.35 3.43 3.40 3.44 4.87 3.37 5.24 4.02 1.88 

S23 60 4.67 4.39 4.37 4.68 4.77 4.36 4.48 4.53 0.40 

S36 60 1.42 1.43 1.57 1.87 2.12 2.19 2.33 1.85 0.91 

S29 61 10.52 8.91 8.56 8.87 8.45 8.47 8.56 8.91 2.08 

S4 64 4.98 3.13 3.51 3.08 3.17 2.59 3.52 3.43 2.39 

S10 64 6.30 8.89 6.82 6.27 7.65 7.22 7.77 7.28 2.62 

S43 64 1.87 1.21 1.20 1.35 1.35 1.54 1.37 1.41 0.67 

S3 66 5.55 5.61 4.07 6.42 7.29 4.35 9.98 6.18 5.91 
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Table 4.8: Average EMG amplitudes (%MVIC) for all muscles for each participant (N = 28, CA = 20-25, n = 9; CA = 40-45, n = 9; CA = 60-65, n = 10) across 

all seven seated time epochs where RLES and LLES represent the right and left lumbar erector spinae respectively; RTES and LTES represent the right and left 

thoracic erector spinae respectively; RMULT and LMULT represent the right and left lumbar multifidus respectively; RRA and LRA represent the right and left 

rectus abdominis respectively; REO and LEO represent the right and left external oblique respectively; and LIO represents the left internal oblique. Due to sensor 

malfunction, the data from the right internal oblique muscle was discarded. 

Subject # 
CA 

(years) 

RLES 

(%MVIC) 

LLES 

(%MVIC) 

RTES 

(%MVIC) 

LTES 

(%MVIC) 

RMULT 

(%MVIC) 

LMULT 

(%MVIC) 

RRA 

(%MVIC) 

LRA 

(%MVIC) 

REO 

(%MVIC) 

LEO 

(%MVIC) 

LIO 

(%MVIC) 

S20 21 4.58 7.31 3.96 4.90 7.36 9.28 11.70 3.49 5.05 8.35 8.08 

S9 22 2.54 7.60 3.28 7.55 3.84 9.98 5.41 6.86 2.21 3.81 7.48 

S27 22 3.81 4.28 3.57 3.50 4.80 5.17 2.59 4.88 0.97 0.91 1.35 

S33 23 3.55 1.74 6.97 4.12 7.62 4.36 0.91 0.84 1.28 0.74 0.65 

S48 23 2.97 2.18 3.47 4.97 2.38 3.21 5.61 7.32 2.51 1.95 2.81 

S21 24 3.91 2.89 5.75 3.01 8.81 5.16 4.79 5.09 2.32 1.49 3.52 

S6 25 3.27 2.49 4.58 3.58 3.63 4.46 3.38 2.95 1.77 2.77 2.34 

S25 25 3.63 2.93 1.87 1.69 3.68 3.06 0.65 1.20 0.97 0.73 2.14 

S24 26 6.20 4.34 7.95 4.56 9.19 6.25 1.74 1.54 1.04 0.57 1.01 

S19 40 3.20 1.13 5.13 2.37 6.08 3.51 1.90 1.07 0.98 0.66 1.18 

S40 40 5.06 6.38 4.88 11.56 3.86 9.35 9.53 8.56 6.11 0.97 6.14 

S38 41 2.87 2.31 6.29 4.02 5.12 4.76 7.61 14.08 4.77 5.16 6.10 

S46 41 3.26 4.10 4.11 5.53 2.65 5.01 3.49 1.59 0.99 0.95 3.46 

S52 41 3.48 5.13 5.57 7.68 7.37 10.53 2.81 3.29 1.42 0.80 3.74 

S45 42 5.98 5.10 7.32 6.73 10.68 6.14 5.08 0.75 1.35 3.54 8.00 

S47 42 3.37 4.55 6.67 7.42 6.33 6.11 3.80 13.28 3.20 2.87 10.11 

S53 43 2.81 1.49 2.37 1.38 4.13 1.78 1.91 2.40 0.64 1.25 3.13 

S32 44 7.85 6.13 14.12 1.01 18.59 12.74 7.23 2.44 3.23 2.80 3.56 

S50 58 1.71 4.02 1.99 3.98 5.81 12.21 2.61 4.36 1.53 1.42 4.89 

S44 59 3.78 4.15 2.99 5.43 4.27 4.83 4.07 6.39 2.49 5.31 10.66 

S18 60 4.47 4.02 7.89 4.49 10.07 6.51 5.37 13.15 1.68 5.31 3.79 

S23 60 5.83 4.53 19.80 9.52 9.75 7.83 5.11 4.50 3.30 1.41 6.82 

S36 60 2.33 1.85 3.28 2.06 5.08 4.38 5.97 3.96 3.97 7.24 16.75 

S29 61 7.47 8.91 11.65 7.46 8.67 10.44 10.62 11.97 4.67 5.28 11.29 

S4 64 8.30 3.43 15.58 9.98 16.88 7.53 7.57 6.36 3.90 2.75 5.98 

S10 64 9.60 7.28 11.84 9.36 17.26 8.33 3.77 7.92 5.04 3.13 10.66 

S43 64 2.99 1.41 5.94 2.50 3.36 2.54 3.35 3.49 1.42 1.11 4.18 

S3 66 0.29 6.18 0.23 6.80 0.21 6.41 5.17 10.73 1.54 1.86 7.47 
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Table 4.9: Muscle co-contraction index (measured in % MVIC) for the RLES-LLES muscle pairing for each participant (N = 28, CA = 20-25, n = 9; CA = 40-45  

n = 9; CA = 60-65, n = 10) for all seated time epochs. Mean represents the average CCI (% MVIC) across all epochs.  

Subject # 
CA 

(years) 

Seated Epochs 
Mean 

(%MVIC) 
1 

(%MVIC) 

2 

(%MVIC) 

3 

(%MVIC) 

4 

(%MVIC) 

5 

(%MVIC) 

6 

(%MVIC) 

7 

(%MVIC) 

20 21 12223.1 10753.1 8965.3 8738.1 13305.3 8106.2 9166.2 10179.6 

9 22 4283.1 4046.0 3846.4 4068.3 4673.0 5299.1 7149.3 4766.5 

27 22 5628.3 8632.2 6871.0 9214.5 9412.8 7287.8 9651.3 8099.7 

33 23 2716.1 3167.2 4841.1 2461.2 3582.7 3741.5 3245.8 3393.6 

48 23 5153.8 4952.4 5188.0 5522.3 3728.0 4492.8 4878.2 4845.1 

21 24 4787.5 4104.3 3687.6 5721.2 8239.0 6890.7 4583.2 5430.5 

6 25 3214.9 4895.4 4829.2 4843.3 6218.9 4910.4 5045.6 4851.1 

25 25 7296.2 -4065.5 4608.5 2829.5 4732.5 4490.9 5134.0 3575.2 

24 26 9159.2 7092.2 10210.5 9583.4 7337.0 10147.8 7728.7 8751.3 

19 40 2174.1 2270.6 1932.1 1735.9 2292.2 2303.3 2347.5 2150.8 

40 40 11797.7 10116.4 7246.6 9620.7 13576.3 17245.7 13695.2 11899.8 

38 41 3579.5 4398.5 5880.9 5937.8 6120.8 5444.7 6469.8 5404.6 

46 41 7523.3 5626.2 6102.7 5423.8 7368.7 9205.4 7938.8 7027.0 

52 41 11297.5 12172.5 5822.0 6991.7 8145.2 4050.0 5631.6 7730.1 

45 42 13767.6 10863.8 16164.9 8796.3 9878.5 8325.7 6714.4 10644.5 

47 42 7544.4 7895.1 7627.6 7881.4 7998.9 8927.0 6974.5 7835.5 

53 43 6162.8 3638.5 3526.1 2724.4 2295.6 2360.4 1712.6 3202.9 

32 44 14844.8 18470.5 13496.0 18790.5 13141.5 11476.4 14888.0 15015.4 

50 58 3557.1 2982.1 3248.1 2920.1 3260.1 4781.4 3435.4 3454.9 

44 59 9499.6 8788.1 6107.8 8381.7 8905.7 8414.6 6648.8 8106.6 

18 60 9614.9 8592.0 7750.9 7894.1 12205.3 8599.6 8277.9 8990.7 

23 60 10862.0 11140.6 10115.1 11896.2 11590.4 10434.9 11520.3 11079.9 

36 60 3614.6 3668.3 3949.7 4859.2 4845.1 5821.0 6156.5 4702.1 

29 61 20051.8 18841.7 19847.0 21264.5 17845.7 18665.3 15615.7 18876.0 

4 64 10987.4 6143.7 6993.0 5711.1 6298.4 5519.5 6965.0 6945.4 

10 64 13738.1 7804.5 14235.9 14392.6 17479.4 17251.5 18128.5 14718.6 

43 64 3757.3 2480.8 2413.2 2756.2 2736.9 3027.9 2842.9 2859.3 

3 66 465.6 418.6 427.8 419.1 408.4 401.3 793.9 476.4 
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4.5 Analysis of Relationships and Interactions 

4.5.1 Stiffness with Age 

4.5.1.1 Correlation Analysis 

A weak to moderate correlation (Figure 4.2) was found between CA and stiffness (r = 0.437, p = 0.016), 

and FA and stiffness (r = 0.517, p = 0.003). These positive correlations suggest that as age increases so 

does low back passive stiffness. Because Fitness Age had a stronger relationship with stiffness than did 

Chronological Age, Fitness Age may be more useful in assessing age-related changes in tissue material 

properties that are otherwise lost amid the variability inherent within Chronological Age. 

 

 

 

Figure 4.2: Average stiffness for each participant plotted against Chronological and Fitness Ages. Note that while 

the relationships between age and stiffness have similar slopes the correlation is stronger for Fitness Age than for 

Chronological Age and that Fitness Age may be a more useful definition for age analyses then chronological age. 
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rFA = 0.517, p = 0.003 



 

 

 

78 

 

There was no change in passive trunk stiffness after sitting (Figure 4.3). 

 

4.5.1.2 Group-wise Analysis 

The results from the group-wise comparisons are presented in Figure 4.4. 

A one-way ANOVA examining the relationships between CA and stiffness revealed a significant 

difference in stiffness between chronological age groups (F (2,27) = 4.888, p = 0.015). A post-hoc 

analysis with Bonferroni adjustments revealed that the middle (0.70 ± 0.16 Nm/% MF, p = 0.034) and 

older (0.70 ± 0.28 Nm/% MF, p = 0.027) groups were significantly stiffer than the younger group (0.46 ± 

0.11 Nm/% MF) and that the middle and older groups were not significantly different from each other (p 

= 0.999). 

Figure 4.3: Change in stiffness after sitting (Post-Pre) plotted against both age definitions. A negative change in 

stiffness denotes a decrease in stiffness after sitting, while a positive change value denotes an increase in 

stiffness after sitting. Bivariate correlations revealed that the effect of sitting on spine stiffness is not modulated 

by age. 

rCA = 0.034, p = 0.858 

rFA = 0.044, p = 0.817 

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0 10 20 30 40 50 60 70 80

C
h
an

g
e 

in
 S

ti
ff

n
es

s 
(N

m
/%

M
ax

 F
le

x
io

n
)

Age (years)

Chronological Age Fitness Age

rCA = -0.034, p = 0.857 

rFA = -0.044, p = 0.818 



 

 

 

79 

 

Similarly, a one-way ANOVA examining the relationships between FA and stiffness revealed a 

significant difference in stiffness between fitness age groups (F (2,27) = 4.184, p = 0.026). A Tukey post-

hoc analysis revealed that the older group (0.74 ± 0.26 Nm/% MF, p = 0.027) was significantly stiffer 

than the younger group (0.50 ± 0.19 Nm/% MF). The difference between the middle (0.55 ± 0.12 Nm/% 

MF) and older groups trended towards significance (p = 0.077). The younger and middle groups were not 

significantly different from each other (p = 0.885). 

There was no difference in trunk stiffness after sitting compared to the initial stiffness for any of the age 

groups examined (Figure 4.5). 
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Figure 4.4: Stiffness comparison between younger, middle-aged, and older groups for each age definition. 

Significant differences (p < 0.05) are indicated by the bars above the graphs. 
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4.5.2 Stiffness with Perceived Discomfort 

4.5.2.1 Correlation Analysis 

Perceived low back discomfort was not related to stiffness before or after sitting (Figure 4.6). 
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Figure 4.6: There was no relationship between perceived low back discomfort and stiffness before (blue circles 

and line), or after sitting (red circles and line). Correlation coefficients and p-values are provided for each 

correlation analysis. 
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Figure 4.5: Trunk stiffness before (solid bars) and after (open bars) sitting across both age classifications where the 

blue bars represent Chronological Age and the red bars represent Fitness Age.  
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4.5.3 Seated Postures with Age, Stiffness, and Discomfort 

4.5.3.1 Correlation Analysis 

Results from the bivariate correlation analysis are presented in Table 4.10. 

Table 4.10: Correlation values for all age, stiffness, and discomfort variables against seated spine posture variables. 

Significance is denoted with *. 

 Lumbar Spine Flexion Lumbar Spine Range of Motion 

 Pearson’s r Significance Pearson’s r Significance 

Chronological Age 0.086 0.644 0.049 0.795 

Fitness Age 0.038 0.840 0.062 0.739 

Stiffness 0.124 0.539 -0.435* 0.023 

VAS Score -0.243 0.187 0.139 0.457 

* Significant at the p = 0.05 level 

There were no significant relationships between either of the age variables with seated lumbar flexion 

(Figure 4.7) or with seated lumbar movement (Figure 4.8).  
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Figure 4.7: Seated lumbar spine angle plotted against both age variables. No significant relationship was 

seen between age and seated lumbar flexion angle. 

rCA = 0.090, p = 0.636 

rFA = 0.088, p = 0.644 
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There was no relationship between seated lumbar flexion angle and stiffness; however, seated lumbar 

spine movement showed a negative relationship with stiffness (r = -0.435, p = 0.023). See Figure 4.9. 
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Figure 4.8: Seated lumbar motion plotted against both age variables. No significant relationship was seen 

between age and seated lumbar range of motion. 
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Figure 4.9: Seated lumbar flexion (left) and spine movement (right) plotted against initial stiffness. There was a 

significant relationship between stiffness and movement whereby increased stiffness showed a decrease in 

movement while sitting (r = -0.435, p = 0.023). 

rCA = 0.049, p = 0.795 

rFA = 0.062, p = 0.739 

r = 0.124, p = 0.539 r = 0.435, p = 0.023 
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Finally, there was no relationship between discomfort status and either of the two seated variables (Figure 

4.10). 

4.5.3.2 Group-wise Analysis 

There were no significant differences between any of the age variables for seated lumbar flexion angle, or 

for seated lumbar range of motion. There was also no significant difference between discomfort groups 

for seated lumbar flexion; however, there was a significant difference between pain developers (m = -

1.06, SD = 14.28, n = 15) and non-pain developers (m = 13.69, SD = 18.03, n = 16) for lumbar range of 

motion (t (29) = 2.542, p = 0.017). See Figure 4.11. 
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Figure 4.10: Seated lumbar flexion (left) and range of motion (right) plotted against VAS score.  

r = -0.255, p = 0.166 r = 0.136, p = 0.466 
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4.5.4 EMG Amplitude with Age, Stiffness, and Discomfort 

4.5.4.1 Correlation Analysis 

The amplitude of the seated EMG signal was positively correlated with age in 4 of the 11 muscles (Table 

4.11). 

Table 4.11: Results from correlation analysis for all age, stiffness, and discomfort variables against EMG amplitude. 

Pearson’s r (significance) is provided for each comparison.  

 RLES LLES RTES LTES RMULT LMULT RRA LRA REO LEO LIO 

Chronological 

Age 

0.20 

(0.32) 

0.12 

(0.54) 

0.35 

(0.07) 

0.28 

(0.14) 

0.25 

(0.20) 

0.25 

(0.20) 

0.17 

(0.39) 

0.36 

(0.06) 

0.23 

(0.23) 

0.19 

(0.33) 

0.53** 

(0.00) 

Fitness Age 
0.26 

(0.18) 

0.28 

(0.14) 

0.36 

(0.06) 

0.44* 

(0.02) 

0.29 

(0.14) 

0.29 

(0.14) 

0.33 

(0.09) 

0.42* 

(0.03) 

0.43* 

(0.02) 

0.17 

(0.38) 

0.60** 

(0.00) 

Stiffness 
0.04 

(0.84) 

-0.14 

(0.51) 

0.01 

(0.95) 

0.02 

(0.92) 

0.22 

(0.28) 

0.22 

(0.28) 

-0.17 

(0.41) 

-0.06 

(0.78) 

0.02 

(0.93) 

-0.26 

(0.21) 

0.05 

(0.80) 

VAS Score 
-0.19 

(0.33) 

-0.14 

(0.47) 

-0.20 

(0.31) 

-0.23 

(0.25) 

-0.20 

(0.31) 

-0.20 

(0.31) 

-0.13 

(0.51) 

0.00 

(1.00) 

-0.09 

(0.67) 

-0.07 

(0.72) 

0.02 

(0.91) 

Statistical significance with p < 0.05 is denoted with * and with p < 0.01 with **. 
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Figure 4.11: Between group comparisons for seated spine posture between discomfort groups where Mean 

represents average lumbar spine angle in sitting and Movement represents net change in spine angle while 

sitting (Max-Min). Pain developers (PD) were found to move less than non-pain developers (NPD); 

however, there was no effect of discomfort status on seated lumbar flexion angle. 
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The change in amplitude was positively correlated with age, stiffness, or discomfort in 6 of the 11 

muscles (Table 4.12). 

Table 4.12: Results from correlation analysis for all age, stiffness, and discomfort variables against change in EMG 

amplitude (max-min). Pearson’s r (significance) is provided for each comparison.  

 RLES LLES RTES LTES RMULT LMULT RRA LRA REO LEO LIO 

Chronological 

Age 

-0.18 

(0.35) 

0.08 

(0.72) 

0.21 

(0.28) 

0.19 

(0.33) 

0.15 

(0.44) 

0.15 

(0.43) 

0.28 

(0.14) 

0.31 

(0.11) 

0.23 

(0.25) 

0.30 

(0.13) 

0.39* 

(0.04) 

Fitness Age 
-0.16 

(0.41) 

0.11 

(0.60) 

0.23 

(0.25) 

0.37 

(0.05) 

0.16 

(0.43) 

0.16 

(0.43) 

0.46* 

(0.01) 

0.43* 

(0.02) 

0.39* 

(0.04) 

0.31 

(0.11) 

0.49** 

(0.01) 

Stiffness 
0.038 

(0.86) 

0.38* 

(0.05) 

0.15 

(0.47) 

0.20 

(0.34) 

0.21 

(0.32) 

0.21 

(0.32) 

0.20 

(0.35) 

0.13 

(0.53) 

0.14 

(0.51) 

-0.08 

(0.70) 

0.26 

(0.21) 

VAS Score 
0.20 

(0.33) 

0.06 

(0.79) 

-0.08 

(0.67) 

-0.30 

(0.12) 

-0.04 

(0.86) 

-0.04 

(0.86) 

-0.21 

(0.28) 

-0.31 

(0.11) 

-0.19 

(0.33) 

-0.40* 

(0.04) 

-0.26 

(0.19) 

Statistical significance with p < 0.05 is denoted with * and with p < 0.01 with **. 

4.5.4.2 Group-wise Analysis 

For all classifications of age and discomfort, the category denoting increased age or discomfort showed a 

higher EMG amplitude across almost all muscles (Figures 4.13, 4.14, and 4.15). This difference was 

significant in some cases, but due to the high variability in the data, a relationship was not seen for all 

muscles. 

 

 

 

 

 

 

 

 

Figure 4.13: Muscle activations across Chronological Age groups where the older groups typically show 

increased muscle activation. Significant differences between groups are shown with a bracket above the columns.  
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4.5.1 Co-Contraction Index Analysis 

No significant correlations were seen between the co-contraction indices (CCI) and the aging and 

discomfort variables for any of the muscle pairings. As in the EMG amplitude analysis, high variability 

resulted in no significant findings for most of the muscle pairings. 
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Figure 4.14: Muscle activations across Fitness Age groups. 

Figure 4.15: Muscle activations across discomfort groups. 
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Muscle pairings were divided into three groups: abdominal muscles compared to abdominal muscles 

(Figure 4.16), back muscles compared to back muscles (Figure 4.17), and back muscles compared to 

abdominal muscles (Figure 4.18).  

The comparison between back muscles and abdominal muscles revealed the largest differences, which 

was to be expected as these muscles groups would have been serving different roles, the back muscles 

providing postural stability and passive tension, while the abdominal muscles contract to maintain the 

upright seated posture.  The back muscle to back muscle comparisons and abdominal muscle to 

abdominal muscle comparisons would have been more useful in identifying asymmetrical seated postures; 

however, their lack of statistical significance suggests that the participants were generally seated fairly 

symmetrically. 

Over the following few pages, the plots for all CCIs will be provided; however, the focus should be on the 

general trends seen across all of the groups in the plots, and less so on the individual bars.  
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Figure 4.16: Co-contraction Indices for all abdominal-to-abdominal muscle pairings across all age and discomfort 

classifications: Top – Chronological Age analysis, Middle – Fitness Age analysis, Bottom – Discomfort group 

analysis. Statistical differences at the p = 0.05 level are shown by the brackets above the bars.  
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Figure 4.17: Co-contraction Indices for all back-to-back muscle pairings across all age and pain classifications: Top  

– Chronological Age analysis, Middle – Fitness Age analysis, Bottom – Discomfort group analysis.  
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Figure 4.18: Co-contraction Indices for all back-to-abdominal muscle pairings across all age and pain 

classifications: Top – Chronological Age analysis, Middle – Fitness Age analysis, Bottom – Discomfort group 

analysis. Statistical differences at the p = 0.05 level are shown by the brackets above the bars. 
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Chapter 5 

Discussion 

5.1 Fitness Age Estimation 

Compared to the published results using the Fitness Age equations, the values obtained in the present 

study were similar (Table 4.1). In this study the Fitness Age estimate was the average of two independent 

equations. The first equation was the average of the two Fitness Age equations presented by Nakamura 

and colleagues in 1990 and 1998 to generate a single new equation that more closely represented the age 

range of the population in the current study, females from ages 20 to 65. The second equation was 

published by Lee et al. (1996) and was developed on a male-only cohort. Averaging the modified 

equation and the equation presented by Lee and colleagues provided a better estimate of a person’s 

overall fitness by taking into account more aspects of physical fitness than did a single equation. For 

example, the equation presented by Lee et al (1996) included percent body fat, a variable not included in 

the Nakamura et al. equations. All the variables in these equations have been well-researched and shown 

to change with age. Since women generally have a higher proportion of body fat than men, using their 

percent body fat in the fitness age equation would increase the estimated fitness age as the coefficient for 

body fat is 0.069, a positive value (Lee, et al., 1996). Once Fitness Age was estimated its values were 

corrected to match the theoretical ideal. 

With some exceptions, the collected fitness data followed the expected trends. Back strength and grip 

strength, the two tests used to assess muscle strength, decreased with age which agrees with previous 

studies on the effect of age on muscle strength (Sinaki, et al., 2001; Frederiksen, et al., 2006; Kallman, et 

al., 1990; Syddall, et al., 2003; Lawman, et al., 2016). These previous studies found that these strength 

decreases were modulated by demographic and anthropometric factors such as gender (Sinaki, et al., 

2001), body mass and obesity (Lawman, et al., 2016), muscle cross-sectional area (Kallman, Plato, & 

Tobin, 1990), and multiple indices of frailty (Syddall, et al., 2003). These factors, aside from gender, were 
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not controlled for in the present study and could have contributed to the effects seen with age; however, 

body mass was not likely to have influenced the relationship observed in this population as the body mass 

was highest in the Middle-Age group and not in the older group (see Table 4.2). Further, these were 

healthy, working women and were not likely to have been affected substantially by changes in muscle 

cross-sectional area or any of the frailty markers identified previously (Kallman, et al., 1990; Syddall, et 

al., 2003). The vertical jump height also decreased with increasing age which agrees with previous 

research (Wang, 2008; Izquierdo, et al., 1999). The decreased vertical jump height may be due to a 

reduced ability to generate power with legs. In addition, older individuals were also unable to produce 

knee and hip joint moments at the same level of their younger counterparts (Izquierdo, et al., 1999). The 

results from the trunk flexion test for the current population were not correlated with age (Table 4.2), 

although some research has noted that flexibility decreases with age (Chodzko-Zajko, et al., 2009; Rikli & 

Jones, 1999; Shephard, et al., 1990). Decreases in trunk flexibility with age have been seen primarily in 

populations older than 70 years and the populations used in the current study may not have been old 

enough to display an age-related decrease in trunk flexibility (Chodzko-Zajko, et al., 2009; Rikli & Jones, 

1999). Percent body fat displayed the expected increase in magnitude with age (Chodzko-Zajko, et al., 

2009; Meeuwsen, et al., 2010). Research has shown that percent body fat increases in the third, fourth, 

and fifth decades, with eventual declines in body fat percentage after age 70 (Chodzko-Zajko, et al., 

2009). Because all of these participants were under the 70-year threshold a steady increase in body fat 

with age was expected. This increase in fat mass has been correlated with a decrease in strength, as the fat 

mass replaces the fat free mass from the muscles (Meeuwsen, et al., 2010). 

Possibly the most confounding of these test results is that of the PWC 170 test, which was used to 

estimate VO2max. While VO2max decreases with age (Chodzko-Zajko, et al., 2009) the results from the 

current analysis showed no change in oxygen consumption with age. Anecdotally, it is possible that these 

results are somewhat skewed by the lifestyles of the participants. In talking with them during the 

collection, it seemed as though the middle-aged and older participants reported riding bikes and walking 
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more frequently than the younger groups, who seemed to focus more on strength and flexibility training 

than on cardiorespiratory health. 

In total the equations for estimating Fitness Age seem appropriate for current North American populations 

despite their having been developed for a Japanese population 20 years ago. However, it is important to 

consider the possible sources of error and variability. To control for the variability both between and 

within groups, it is best to rotate the values such that the average age for the data set corresponds with the 

theoretical normal aging so that groups and different populations can be compared.  

5.2 Stiffness with Age and Perceived Discomfort 

This study quantified changes in trunk stiffness associated with increased age and determined whether 

these changes are related to a person’s fitness, measured as Fitness Age. The results suggest that trunk 

stiffness increases with age and that relationship is stronger with Fitness age, which is thought to 

represent overall tissue health. The youngest age group tested was significantly less stiff than the oldest 

age group tested regardless of whether the groups were classified using Chronological or Fitness Age. So 

either can be used and while Fitness Age has the stronger relationship, it is more difficult to measure than 

simple chronological age.  

The stiffness values obtained in the current analysis were similar to those seen in previous studies looking 

at trunk stiffness before and after sitting (Beach, et al., 2005; De Carvalho & Callaghan, 2011). On 

average, stiffness values fell between 0.5 and 1.2 Nm/% Max Flexion for the current study, while average 

initial stiffness was 1.1±0.9 Nm/% Flexion and 1.98±1.65 Nm/° for the studies conducted by Beach and 

colleagues (2005) and De Carvalho and Callaghan (2011), respectively. Consequently, while the results 

from the current analysis showed no change in stiffness following one hour of seated work and agrees 

with the findings of Beach and colleagues (2005), De Carvalho and Callaghan (2011) found that stiffness 

increased to 3.23±3.25 Nm/° following one hour of simulated driving.   
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By combining the results from the current study with published values regarding individual tissues of the 

spine, we can infer their effect on the functionality of the spine. If low back passive stiffness is increased 

with age, we can assume that this effect is driven by those tissues that increase in stiffness with age, 

namely the muscles and the intervertebral discs. The increased stiffness of the intervertebral discs is due 

to a change in the metabolism, histology, and biochemistry of the disc (Adams & Roughley, 2006). 

Research shows that aging decreases the availability of proteoglycans, decreases water content, increases 

collagen content, and decreases the synthesis of extracellular matrix in the disc, particularly in the nucleus 

pulposus of the disc. These age-related changes lead to increased tissue stiffness by way of decreased 

tissue regeneration (Adams & Roughley, 2006). These changes may be driven by phenotypic (i.e. genetic) 

changes and are thus not likely to be mitigated. 

As for the muscular contribution to increased spine passive stiffness, it is unclear as to whether this is a 

benefit or a deficit. On one hand, an increase in muscle stiffness is associated with a decreased range of 

motion. This can leave older individuals at an increased risk for strain injuries at their end-range of 

motion (Magnusson, et al., 1997). On the other hand, an increase in passive trunk stiffness could also be 

associated with an increase in spine stability which may be associated with a decreased risk for back 

injury when lifting (Cholewicki & McGill, 1996). Researchers have suggested that the spine will buckle if 

the muscles are not able to provide sufficient spine stability, which requires the muscles to be active to 

provide the necessary stability. Therefore, an increasing muscle passive stiffness could protect the spine 

from instability at lower levels of muscle activation, thereby conserving energy (Cholewicki & McGill, 

1996). However, if increased trunk stiffness is detrimental to spine health, then it may be possible to 

decrease muscle stiffness through stretching protocols (Magnusson, 1998; Magnusson, et al., 1997). 

Further research is required to determine whether there is an optimal level for trunk stiffness and whether 

this value would be closer to that shown in younger individuals, or in the older individuals.  
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The results from the current study confirm that examining an individual’s fitness may provide clearer 

insight into the changes associated with age. While this area has not yet been investigated, the results 

showing between-group differences that vary slightly based on the definition of age, provide a jumping-

off-point for future research to investigate the causes and mechanisms behind the changes seen, because it 

appears as though these mechanisms extend beyond age-alone. 

A secondary objective of the current study was to assess changes in trunk stiffness associated with seated 

work and to identify whether age had a modulating effect on this change. The results showed that the 

change in stiffness following a 60-minute bout of seated “work”, was not related to age. Furthermore, 

self-reported low back discomfort score was not related to trunk stiffness following a 60-minute bout of 

seated work in that the stiffness decreased with sitting for those who did not develop discomfort while 

sitting, whereas those who developed clinically relevant low back discomfort levels did not show any 

change, on average, in trunk stiffness after sitting (Figure 4.6). 

Previous works have speculated that sitting-induced decreases in low-back stiffness could leave 

individuals at an increased risk for injury due to compromised spine stability (Beach, et al., 2005) and, as 

such, measures should be taken to prevent this decrease in stiffness. Moreover, the effects of low back 

discomfort on this change in trunk stiffness suggest that in those exhibiting discomfort symptoms the 

back may be employing some form of protective mechanism aimed at preventing further injury. If 

decreased stiffness places the back at an increased risk for injury, the body may be restricting this change 

in stiffness as a means of preventing injury. There are other examples of how the body may change 

muscle recruitment and activation to protect from injury including the Flexion Relaxation Phenomenon 

(FRP). According to previous researchers, FRP is characterized as the myoelectric silencing of the 

muscles of the back in full forward trunk flexion, leaving the upper body suspended from the passive 

elastic tissues of the back in this flexed posture (Floyd & Silver, 1955). This phenomenon is absent in 

clinical populations who exhibited low back discomfort as they show constant muscle activation rather 
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than myoelectric silencing (Colloca & Hinrichs, 2005). This constant activation has been hypothesized as 

a method where the body attempts to protect the passive elastic tissues of the back by maintaining muscle 

activation throughout movement. This same process could be occurring in the present situation, where 

those individuals who develop low back discomfort while sitting may maintain a higher level of muscle 

activation to protect the passive tissues of the low back and in doing so cause an increase in the measured 

passive trunk stiffness. The current analysis cannot confirm whether this may be the case, but further 

investigation as to the muscle activation level during the sitting trials and during the passive stiffness 

testing could provide further insight as to whether the muscles are exhibiting elevated activation levels in 

the pain-developer population. 

The results presented above suggest that any interventions aimed at mitigating sitting-induced changes in 

trunk stiffness should be implemented for workers of all ages and that age-specific recommendations are 

not needed, as the change in trunk stiffness following seated work is consistent across age groups. 

However, if one is looking to mitigate decreases in low-back stiffness following seated work it may be 

important to target specific discomfort groups as those who develop low back discomfort seem to be less 

immune to changes in stiffness. Further investigation is required into the nature of these changes as well 

as the factors that may be contributing to them. If the change in stiffness of the intact low back is due to 

muscle stiffness, it is possible that muscle activation patterns could provide more information regarding 

the etiology of the observed changes. 

It is clear that the passive stiffness of the low back increases with age. The effect of fitness is less 

straightforward. Regardless of the definition of age applied, the current analysis has shown a difference in 

passive trunk stiffness with age where younger, fitter individuals show a lower trunk stiffness when 

compared to their older counterparts. Additionally, the present suggests that trunk stiffness may decrease 

slightly following a bout of prolonged sitting, but that age does not affect the change in stiffness with 

sitting. Further investigation is required to determine whether the increase in stiffness with age is a benefit 
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or detriment to spine health in aging workers, to determine whether trunk stiffness would decrease 

following a longer bout of seated work, whether this decreased trunk stiffness is associated with lower 

spine stability, and whether this increases an individual’s risk for low back injury throughout their 

lifetime. 

5.3 Seated Spine Postures with Age, Stiffness, and Discomfort 

Another objective for the current analysis was to determine whether age, fitness, low back passive 

stiffness or self-reported low back discomfort level had an effect on seated low back posture and low back 

range of motion while sitting. Despite the lack of significance in many of the comparisons, the analysis of 

seated kinematics across age and discomfort groups and while taking into account trunk stiffness yielded 

unexpected results. 

There were no differences in seated spine posture between age groups and no relationships between age 

and seated lumbar spine posture using either chronological age or fitness age. While there was a 

difference in the passive trunk stiffness between age groups, the absence of a relationship between seated 

spine posture and age was unexpected. Past studies suggested when examining “prolonged sitting” it may 

require 2 hours of sitting to see changes in spine kinematics and seated discomfort (Gyi & Porter, 1999) 

(Beach, et al., 2005; De Carvalho & Callaghan, 2011). However, some studies report changes after only 

one hour, although the reported changes were variable and differed between sexes (Beach, et al., 2005; De 

Carvalho & Callaghan, 2011). 

Previous researchers have also suggested that increased flexibility may contribute to a more upright 

seated posture with a more lordotic lumbar spine curvature (Dunk & Callaghan, 2005; Gregory, et al., 

2006; Beach, et al., 2005, De Carvalho & Callaghan, 2011). Females are generally known to be more 

flexible than males and research has shown that females have larger range of motion for most of the joints 

of the human body when compared to males (Doriot & Wang, 2006; Chung & Wang, 2009; Soucie, et al., 

2010). While the current study did not examine the effect of gender, it did compare groups with expected 



 

 

 

98 

 

flexibility differences. Younger individuals have been shown to be more flexible than older individuals 

(Wright & Johns, 1961; Shephard, et al., 1990; Lark, et al., 2003; Doriot & Wang, 2006). It therefore 

serves to reason that if the younger individuals exhibited lower stiffness values and therefore less 

resistance to flexion they would have been expected to adopt a different seated posture than their older 

counterparts, however, in the current study this was not the case.  

The relationship between stiffness and seated spine motion is somewhat predictable in that stiffer joints 

are more difficult to move and inherently exhibit decreased motion. Therefore, it was expected that this 

difficulty moving would be experienced throughout the motion and that the body would minimize the 

amount of movement during a task so as to preserve energy. 

The same rationale applies to the reduction in spine motion seen between discomfort groups. Individuals 

who experience discomfort could be expected to either minimize their movement so as to not exacerbate 

the discomfort or to move more in order to alleviate any discomfort that may be developing. The trend of 

reduced movement with low back discomfort seen in the current analysis is in agreement with previous 

studies that have reported the same occurrence whereby initiating movement with discomfort is more 

difficult than in pain-free individuals (Dankaerts, et al., 2006). 

In general, the current study has led to findings that contradicted with the expected results. Based on 

hypotheses from previous literature the changes in flexibility and stiffness seen with age would have been 

predicted to affect the seated lumbar spine posture but there were no changes in posture or motion over 

the 60-minute bout of seated work. This may be due to the short duration of the sitting period and to the 

relatively small number of individuals in each group. However, previous studies have reported some 

changes after only one hour of sitting and I would have been expected, if age had an effect on seated 

posture. Rather, the results from the current analysis suggest that everyone should receive the same 

recommendations for sitting regardless of age. 
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5.4 Trunk Muscle Activation Patterns with Age, Stiffness, and Discomfort 

The purpose of the EMG analysis was to assess differences in muscle activation of the low back and 

abdominal muscles while seated based on age, fitness, health, low back passive stiffness, and self-

reported discomfort levels. The results from the current analysis agree with those reports in previously 

whereby older individuals exhibit elevated EMG amplitudes and CCIs compared to their younger 

counterparts.  

The CCI values calculated for each muscle in the current study are similar in magnitude to those reported 

by previous studies. While the current analysis revealed CCI values ranging from 2000-15000 %MVC, 

Schinkel-Ivy and colleagues (2013) reported CCI values ranging from 1000-9000 %MVC, with the 

highest values recorded in pain developers particularly in the abdominal-abdominal comparisons, and the 

lowest in non-pain developers, particularly in the low back-low back comparisons. It should be noted that 

the data presented by Schinkel-Ivy and colleagues (2013) are for university-aged males and, therefore, 

higher activation levels and more variability were expected in the current study due to the heterogeneity 

of the population. 

The findings presented in the current analysis may result from the decreased muscle strength associated 

with age and the need to recruit more motor units in order to accomplish the same task as younger 

individuals (Bilodeau, et al., 2001; Izquierdo, et al., 1999). While not all of these comparisons were 

significant, the trends observed are noteworthy where, regardless of the classification of age or discomfort 

status, the oldest age group consistently demonstrates an elevated EMG amplitude. Researchers have 

suggested that sustained muscle activity, even at low levels, is associated with an increased risk of a 

work-related injury, regardless of the factors contributing to the prolonged activation, and that higher 

levels of muscle activation are associated with increased muscle pain symptoms (Sjogaard, et al., 1994). 

Furthermore, researchers have found that with increased muscle activity, the duty-cycle (duration and 

frequency of an effort) of the work performed should decrease in order to reduce the risk of developing 
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muscle fatigue and subsequent injury (Potvin, 2012). The results presented by these researchers suggests 

that at 10% of the muscle’s maximal voluntary exertion (MVE) the duty-cycle should not exceed 62% of 

the active time. This means that sedentary workers working at 10% should not sit in this manner for more 

than 62% of their day. Physiological data suggest that sustained contractions should never exceed 5% 

MVE (Sjogaard, et al., 1986).  Other researchers have cautioned that sustained muscle contractions should 

never occur in a workplace, regardless of the level at which the muscle is contracting as these might 

increase the risk for muscle pain and injury (Bjorksten & Jonsson, 1977; Veiersted & Westgaard, 1993).  

Even exertions as low as 0.5-1% have been associated with the development of neck and shoulder pain 

(Jensen, et al., 1993; Veiersted, et al., 1990). 

Overall, the findings from the present analysis demonstrate that some muscles increase their activation 

with age, suggesting that older individuals work harder to maintain a seated posture than their younger 

counterparts, leaving them at an increased risk for developing muscle fatigue and associated injuries. The 

relationship between muscle activation and age had not been investigated and the findings presented 

above suggest that older workers may be at an increased risk for the development of low back discomfort 

while sitting, and that efforts should be made to mitigate the elevated activation and co-contraction levels 

to reduce the risk for injury in older workers. 

5.5 Putting it all together: Relationships and Interactions between Variables 

5.5.1 Seated Spine Posture and Stiffness 

Seated spine flexion showed no increase with increased stiffness, which may be due to the variability in 

the data, especially at the lower stiffness levels. The tissues thought to contribute primarily to the 

increased stiffness seen with age are the muscles and intervertebral discs (Ebara, et al., 1996; Frontera, et 

al., 1988; Urban & Roberts, 2003; Williams, et al., 2002; Yu, et al., 2002). Stiffer tissues deform less 

before they are injured or require larger forces to cause this deformation (Ozkaya, et al., 2012). This 

means that flexing a stiffer spine requires more force and more energy than flexing a laxer spine (Ozkaya, 
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et al., 2012) and that adopting a more flexed seated posture with higher trunk stiffness would be more 

difficult. Nonetheless, this is the case as observed in the current analysis. It is possible that in a more 

flexed position the structures of the back are able to relax fully due to the onset of what is known as the 

Flexion Relaxation Phenomenon (FRP). The flexion relaxation phenomenon is characterized as the 

myoelectric silencing of the paraspinal muscles in full forward trunk flexion (Floyd & Silver, 1955). This 

phenomenon is activated in a slumped sitting posture (Callaghan & Dunk, 2002). FRP occurs because the 

passive contribution of the soft tissues provided enough force to meet the moment demands of the 

posture. In this case, it is possible that the spine flexion seen with higher stiffness was actually a 

compensatory response to alleviate the strain in the active tissues by promoting load-sharing with the 

passive soft tissues of the back, thereby reducing effort and energy expenditure (Colloca & Hinrichs, 

2005). This load-sharing between tissues could also possibly explain why the relationship between 

stiffness and muscle activation in sitting was so weak. The FRP response is quite variable, both in its 

onset time and in its associated muscle activity (Colloca & Hinrichs, 2005). Every individual exhibits a 

different onset angle and myoelectrical activity in the silent portion of the movement and therefore it may 

not be possible to generalize across age groups without first quantifying each person’s FRP response. 

5.5.2 Seated Spine Posture and Age 

 Seated posture was not related to age. This was unexpected because age and stiffness are significantly 

related and a similar relationship would be expected between seated posture age. It is possible that the 

element required to link them together was missed in the Fitness Age assessment. Older individuals 

exhibit a reduced trunk range of motion which was expected to contribute to some differences in seated 

spine posture or in seated spine range of motion. (Chodzko-Zajko, et al., 2009; Rikli & Jones, 1999; 

Shephard, et al., 1990). In the population examined in the current analysis, however, trunk flexibility (as 

measured in the Trunk Flexion fitness test, See Chapter 3) was not correlated to age and the expected 

decrease was negligible (Figure 5.1). 
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Anecdotally, it is possible that the absence of the expected relationship between trunk flexion and age is a 

result of sampling bias and that the older women who volunteered were simply training more for 

flexibility than the younger women. Many of the older participants expressed an interest in yoga, pilates, 

or tai-chi and were quite comfortable with the “Reach for your toes” command. Some of the older women 

also commented that they knew that flexibility and range of motion decrease with age and that they 

wanted to ensure that they remained as mobile as possible, so flexibility is something that they worked to 

improve. That is not to say that the younger and middle groups were not interested in these same exercise 

techniques, but the younger women spoke more of cardiovascular and strength training over flexibility 

training.  

5.5.3 Muscle Activation, Stiffness, and Age 

The results from the current study also suggest that the increase in stiffness seen with age may be a result 

of the increased muscle activity that has been associated with age, both in past research (Bilodeau, et al., 

2001; Izquierdo, et al., 1999) and in the current dataset. The method used for assessing the passive 

stiffness of the intact low back in the current analysis relied on the absence of muscle contractions in 

order to ensure that the test was in fact passive. This was confirmed by monitoring the muscle activity 

Figure 5.1: Results from the trunk flexion fitness test for each participant. The expected age-related decrease in 

trunk flexion is minimal in the current population, with some older individuals displaying trunk flexion values equal 

to that of the youngest women. 
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throughout the task to ensure that it remained below 5% of the maximal activation for each muscle. 

However, this 5% was relative to that individual’s maximal contraction. Therefore, if older individuals 

exhibit higher muscle activation in their maximal efforts, 5% of this activity would be higher than 

younger individuals who do not exhibit such high levels of muscle activation and the older individuals 

would exhibit a higher number of active motor units at any given contraction level. If the muscles are 

contracting, even at low levels throughout the testing, the stiffness would inherently be higher for these 

women. 

Lastly, the increased muscle activation with increased age means that the older women are working 

harder to maintain the same seated posture as their younger counterparts leaving them at an increased risk 

for muscle fatigue and the associated discomfort. As described by Bjorksten and Jonsson (1977), and by 

Veiersted and Westgaard (1993) sustained muscle activity at even the lowest of levels for any length of 

time increases the risk for fatigue and injury (Bjorksten & Jonsson, 1977; Veiersted & Westgaard, 1993). 

Therefore, the older women are at an increased risk of developing low back discomfort while sitting than 

are their younger counterparts. This was not seen in the current study. In fact, the data collection in the 

current analysis suggests the opposite. Age was negatively correlated with discomfort score across all 

classifications of age (Appendix I). While not an expected finding, it is possible that older individuals are 

less likely to express musculoskeletal discomfort while working, as they have grown accustomed to some 

level of discomfort throughout the day (Canakci & Canakci, 2007). As such, the findings described in the 

present studies with respect to discomfort scores may be confounded by this decreased likelihood of older 

individuals to report on perceived discomfort. 

Assuming the elevated stiffness seen in older age is a sign of negative spine health, all of these factors 

that have been linked to stiffness are potentially reversible. Stretching protocols decrease muscle tension 

in older individuals (Magnusson, 1998) and by reducing the muscle tension the stiffness of the muscle 

decreases, which in turn leads to increased flexibility in the low back. Furthermore, through EMG 
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biofeedback techniques, muscle activation can be reduced (Haynes, et al., 1975; Arena, et al., 1995). 

These techniques would also serve to reduce trunk stiffness in older women, if this is the preferred 

outcome. 

At this time, it is unclear if the increase in stiffness with age is a deficit or a benefit. On one hand, 

increased stiffness should increase spine stability. By tightening the guy-wires for the inverted pendulum 

(see Chapter 2), one would expect that the pendulum is less prone to bending and swaying (Gardner-

Morse, et al., 1995; Gardner-Morse & Stokes, 1998). On the other hand, this increased stiffness could 

limit the movement variability in the system (Stergiou & Decker, 2011). Variability in human movement 

is important as it allows an individual to adapt their movement patterns to compensate for any unexpected 

perturbations or disturbances (Stergiou & Decker, 2011). By limiting movement variability through stiffer 

tissues it is possible that the risk for injury and the severity of said injuries are also increased. Further 

investigations into the effects of changes in trunk stiffness on spine stability could inform future 

researchers as to whether trunk stiffness is a variable that should be minimized in order to prevent injury 

by promoting movement variability, or whether it should be maximized in order to increase spine 

stability. 

5.6 Limitations 

The researchers acknowledge that there were some limitations to this work. 

First, the small sample size limited the statistical power for all of these. An a priori power analysis 

revealed that 66 males and females (11 per group) were required to detect differences with a medium 

effect size. While 55 individuals were recruited in total the number of male participants was much lower 

than expected. Therefore, it was decided that it if it was not possible to have equal male and female 

representation the males were removed from the analysis. Previous works have shown that males and 

females respond differently to seated work (Beach, et al., 2005; De Carvalho & Callaghan, 2011) and 

including them in the analysis could skew the results based on gender-specific responses. For these 



 

 

 

105 

 

reasons, the results from the current analysis cannot be generalized to the entire population of working 

adults, but rather should only be considered as they apply to working women. With only three groups of 

participants, 51 females (17 per group) were required to detect differences with a medium effect size, and 

24 females (8 per group) were required to detect differences with a large effect size. The sample recruited 

could only satisfy this latter analysis and only changes with large effect sizes could be identified in the 

current analysis. 

The number of participants was further limited by technical difficulties observed in post-processing. 

Several participants (n = 6) showed poor marker visibility which prevented the calculation of intact trunk 

stiffness. The methodology relied on complete visibility of the 5 markers overlaying the lumbar spine as 

well as the one marker that was placed on the load cell. When one or two of the central spine markers 

(L2, L3, or L4) disappeared, it was still possible to fit a curve to the remaining markers. However, if the 

markers overlaying L1 or L5 disappeared the curve formed by the remaining markers was not 

representative of the actual spine curve and therefore that participant had to be discarded. Four 

participants (one of which was included in the 6 lacking stiffness data) displayed EMG artefact and their 

EMG data could not be used.  During pilot testing, it was observed that the EMG sensors would 

frequently become detached from the skin. To remedy this issue, the “Pre-Tape” spray was used (see 

Chapter 3 for description of this process). This method ensured that the EMG sensors remained adhered 

to the skin; however, in some participants, it was clear that although the Hypafix secured over the sensor 

remained in place, the EMG adhesive itself was no longer adhered to the skin. In an attempt to remedy 

this, prior to any collection period, the sensors were all pressed back into the skin to ensure maximal 

adhesion; however, one cannot be certain that they did not detach again during the trial. When an EMG 

sensor loosens from the skin it will be obvious from the screen trace which shows uncharacteristic curve 

shape and amplitude. It is thought that this is the issue resulting in the artefact seen in the four subjects 

that were discarded from the EMG analysis. 
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Due to the small number of subjects included in the analysis, the variability in the data severely 

confounded possible relationships. In some instances, data that fell outside the range of values for the 

group that could possibly have been considered outliers for the analysis were included as the values 

observed, while outside of those represented by the other participants, still contained values that could be 

theoretically realistic, although not common. A visual inspection of the plotted data revealed that the 

overall effect of including these values was minimal; however, it may have been enough to affect the 

significance of the relationship seen. 

Another limitation to the current analysis is that the seated work period had to be completed on a chair 

without a backrest. This was to ensure complete visibility of the spine markers throughout the duration of 

the collection; however, the “workstation” was not representative of a typical, real-world workstation. 

This approach has been used by other researchers (Beach, et al., 2005) who have also made note of the 

limitations of this process; however, with the equipment at hand, it was the only option. Had an 

electromagnetic motion tracking system been used instead of an optical system, this problem could have 

been minimized as line of sight issues are not a factor with those systems; however, the presence of metal 

in the lab and in almost all of the equipment made it so that these electromagnetic systems could not be 

used for the current analysis. 

Finally, the fitness testing itself could have also presented some limitations to the analysis. The 

participants were instructed to push themselves as hard as they could throughout the testing; however, 

they were volunteers and had really no incentive to do so. Furthermore, some of these tests were 

unfamiliar to many of the participants, particularly those who did not exercise frequently. Some of the 

more unfamiliar tests (eg: the side-step agility test or isometric back strength test) have very specific 

instructions that must be followed and at times it was clear that the participants were focused more 

heavily on following the instructions than on maximizing performance. For example, some participants 

would step through the agility test rather slowly at first as they learned the best possible method for 
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completing it properly. When it was obvious that the participant could have performed the test at a higher 

level, the trial was repeated with further prompting (ie: “Let’s see if you can do it faster this time”). It is 

unclear whether they then performed to the best of their ability, or whether they simply increased their 

performance slightly. Similarly, in the isometric back strength test, participants were instructed to pull 

with their back, not with their arms or legs. Occasionally, it was clear when arms and legs were being 

added to the motion to obtain the highest force possible, but the participants were subsequently corrected, 

and the trial was repeated. In all cases, the next trial was completed at a lower force, and whether this was 

due to their not using arms and legs, or simply due to their not trying as hard because they thought that 

was what was expected is unclear. By reducing their effort, the Fitness Age estimate would be higher for 

that individual, providing a potentially inaccurate representation of this variable. 

While this study had some limitations they were all managed systematically and to the best of my ability 

to ensure that the findings from the current analysis were accurate and representative. Because all of the 

data and all of the participants were treated the same way, it is believed that the impact of the minor 

deviations from what was originally expected in the protocol have been mitigated such that their effect on 

the final results are minimal.  

  



 

 

 

108 

 

Chapter 6 

Conclusions and Future Directions 

6.1 Conclusions 

Based on the results presented in this thesis, it appears as though older women are stiffer than younger 

women and that when taking fitness into account, the relationship between age and stiffness is stronger. 

This trend in stiffness may be a result of the elevated muscle activation and co-contraction indices that 

were recorded in the current analysis. Age, however, was not associated with changes in seated posture or 

lumbar motion while sitting. This suggests that older women work harder to maintain the same upright 

seated posture as their younger counterparts, which may leave them at an elevated risk for muscle fatigue 

and associated injury. While stiffness was not found to decrease significantly after sitting the slight 

decrease in stiffness associated with seated work was affected by discomfort status where women who 

developed discomfort while sitting showed no change in trunk stiffness whereas those who did not 

develop discomfort showed the observed decrease in trunk stiffness.  

6.2 Future Directions 

The results from the current analysis have been thought-provoking and revealed more questions than 

answers. As such, the possible future directions are substantial and are described briefly below. 

6.2.1 Larger Sample Sizes 

The current sample size could be expanded by recruiting more females from the three chronological age 

groups presented in this thesis to provide increased statistical power to the analysis.  

6.2.2 Gender Comparisons 

Expanding the analysis to include males by continuing to recruit males from each of the three 

chronological age groups to allow for a gender comparison may reveal differences between males and 

females and the possible effects of age. Based on previous works, we know that males are inherently 
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stiffer than females across most of the joints of the body, but it is unclear as of yet whether this joint 

stiffness translates to trunk stiffness and whether this difference in trunk stiffness would be consistent 

across a lifespan. 

6.2.3 Expanded Age Ranges 

Furthermore, expanding on the age decades that were missed in the current analysis, could give a better 

representation of changes in trunk stiffness throughout an entire career. Adding the age ranges of 10 to 

15, 30 to 35, 50 to 55 and 70 to 75 years of age to the current dataset might strengthen our assessment of 

the time-varying changes in trunk stiffness. It is possible that changes in trunk stiffness are not linear and 

that the point at which trunk stiffness begins to increase more drastically was missed in the current 

analysis. 

6.2.4 Examine Trunk stiffness using perturbation testing 

The current analysis estimated stiffness by measuring the flexibility of the in vivo trunk. Alternatively, 

changes in spine stability with advancing age can be conducted through perturbation testing to assess 

whether older individuals have different levels of stability than younger individuals or if the mechanisms 

of stability differ between the age groups.  

6.2.5 Assess the Interplay of Passive and Active Tissues in Postural Control 

Linking the passive stiffness to the active, dynamic control of the spine could give a more complete 

picture of the effects of altered trunk stiffness. 
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Appendix C 

Load Cell Calibrations 

Load cells were calibrated by suspending loads of varying magnitudes from the load cell in random order 

in each of three recording directions. The recorded voltage was plotted against the actual suspended load 

and the regression equation was obtained for the relationship between actual load and recorded voltage. 

This process was repeated three times, and the average of the coefficients for the slopes and y-intercepts 

of the regression lines were calculated. Using the equation for the regression line with the average 

coefficients for the three attempts, the voltages were then converted to loads using the following equation: 

𝑚𝑒𝑠𝑡 = 𝑠𝑙𝑜𝑝𝑒𝑎𝑣𝑔 ∙ 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 + 𝑖𝑛𝑡𝑎𝑣𝑔 

 Where: 

  Mest is the estimated mass 

  Slopeavg is the average of the slope coefficients for the regression lines 

  Voltage is the recorded voltage from the load cell 

  Intavg is the average of the y-intercept coefficients for the regression lines 

 

The calibration data for the two load cells used in this analysis are provided in this section including the 

regression plots and differences obtained between actual load and estimated load. In all cases, the 

differences between these variables was negligible, and the calibration was deemed a success. 
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Figure C.1: Calibration plots for each of three trials 

showing recorded voltage and suspended load. 

Regression equations and R2 are displayed. 

 

 

Isometric Deadlift Load Cell Calibration (PY6: Bertec Corporation, Columbus, Ohio) 

Table C.1: Calibration data for isometric back strength fitness test including the difference between actual load and 

estimated load. Average difference is also provided. For this load cell, only the z-direction was calibrated, as the 

subjects were instructed to pull directly upwards. 

 

Load cell calibration equation:  𝑚𝑒𝑠𝑡 =  −52.63 ∙ 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 + 0.5048 

 

Recorded 

Voltage 

(V) 

Actual 

Suspended 

Mass (kg) 

Estimated 

Mass (kg) 

Difference 

(kg) 

-0.03 1.8 2.24 -0.43 

-0.09 5.1 5.35 -0.25 

-0.27 14.3 14.71 -0.44 

0.00 0.0 0.40 -0.40 

-0.06 3.5 3.77 -0.26 

-0.14 7.4 7.72 -0.35 

-0.22 11.6 11.93 -0.37 

-0.17 9.1 9.24 -0.18 

-0.06 3.5 3.40 0.11 

0.01 0.0 0.08 -0.08 

-0.08 5.1 4.87 0.23 

-0.16 9.1 8.93 0.14 

-0.21 11.6 11.56 0.00 

-0.13 7.4 7.29 0.07 

-0.26 14.3 14.19 0.09 

-0.02 1.8 1.61 0.20 

-0.08 5.1 4.82 0.28 

-0.02 1.8 1.56 0.26 

-0.12 7.4 6.82 0.54 

-0.16 9.1 8.82 0.24 

0.01 0.0 -0.02 0.02 

-0.21 11.6 11.45 0.10 

-0.05 3.5 3.24 0.27 

-0.26 14.3 14.08 0.19 

  
Absolute 

Average: 
0.23 
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Passive Stiffness Load Cell X Calibration (AMTI MC3-6-250, Watertown, MA) 

 

 

 

 

  

Table C.2: Calibration data for the passive stiffness load cell including the difference between actual and 

estimated loads. The average difference is also provided. This data is for calibration in the x-direction. 

 

Table C.0.2: Calibration data for the passive stiffness load cell including the difference between 

actual and estimated loads. The average difference is also provided. This data is for calibration in the 

x-direction. 

 

Table C.0.3: Calibration data for the passive stiffness load cell including the difference between 

actual and estimated loads. The average difference is also provided. This data is for calibration in the 

x-direction. 

 

Table C.0.4: Calibration data for the passive stiffness load cell including the difference between 

actual and estimated loads. The average difference is also provided. This data is for calibration in the 

x-direction. 

 

Table C.2: Calibration data for the passive stiffness load cell including the difference between actual 

and estimated loads. The average difference is also provided. This data is for calibration in the x-

direction. 

 

Table C.0.5: Calibration data for the passive stiffness load cell including the difference between 

actual and estimated loads. The average difference is also provided. This data is for calibration in the 

x-direction. 

 

Table C.0.6: Calibration data for the passive stiffness load cell including the difference between 

actual and estimated loads. The average difference is also provided. This data is for calibration in the 

x-direction. 

 

Table C.0.7: Calibration data for the passive stiffness load cell including the difference between 

actual and estimated loads. The average difference is also provided. This data is for calibration in the 

x-direction. 

Figure C.2: Calibration plots for each of three trials 

showing recorded voltage and suspended load. 

Regression equations and R2 are displayed. 

Recorded 

Voltage (V) 

Actual 

Suspended 

Mass (kg) 

Estimated 

Mass (kg) 

Difference 

(kg) 

0.52 1.8 2.19 -0.37 

1.27 5.1 5.16 -0.06 

0.04 0.0 0.27 -0.27 

2.30 9.1 9.24 -0.17 

3.59 14.3 14.38 -0.10 

0.86 3.5 3.51 0.00 

2.82 11.6 11.31 0.25 

1.77 7.4 7.13 0.24 

-3.58 -14.3 -14.11 -0.17 

-1.27 -5.1 -4.93 -0.17 

-0.22 0.0 -0.75 0.75 

-2.93 -11.6 -11.51 -0.05 

-0.99 -3.6 -3.81 0.29 

-0.50 -1.8 -1.87 0.05 

-1.81 -7.4 -7.09 -0.27 

-2.39 -9.1 -9.38 0.31 

0.48 1.8 2.02 -0.20 

1.31 5.1 5.31 -0.21 

0.03 0.0 0.23 -0.23 

2.25 9.1 9.04 0.02 

3.63 14.3 14.52 -0.25 

0.80 3.5 3.28 0.24 

2.80 11.6 11.23 0.32 

1.78 7.4 7.17 0.19 

-3.54 -14.3 -13.94 -0.34 

-1.29 -5.1 -5.03 -0.07 

-0.21 0.0 -0.74 0.74 

-2.85 -11.6 -11.19 -0.36 

-1.01 -3.5 -3.89 0.37 

-0.44 -1.8 -1.65 -0.16 

-1.87 -7.4 -7.32 -0.05 

-2.36 -9.1 -9.26 0.20 

0.46 1.8 1.93 -0.12 

1.24 5.1 5.02 0.08 

0.08 0.0 0.43 -0.43 

2.23 9.1 8.96 0.11 

3.54 14.3 14.16 0.11 

0.89 3.5 3.63 -0.12 

2.89 11.6 11.58 -0.02 

1.85 7.4 7.47 -0.11 

-3.59 -14.3 -14.16 -0.12 

-1.31 -5.1 -5.09 -0.01 

-0.15 0.0 -0.46 0.46 

-2.93 -11.6 -11.54 -0.02 

-0.94 -3.5 -3.63 0.11 

-0.53 -1.8 -2.00 0.19 

-1.90 -7.4 -7.45 0.09 

-2.30 -9.1 -9.01 -0.05 

  
Absolute 

Average 
0.20 
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Passive Stiffness Load Cell Y Calibration (AMTI MC3-6-250, Watertown, MA) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table C.3: Calibration data for the passive stiffness load cell including the difference between actual and 

estimated loads. The average difference is also provided. This data is for calibration in the y-direction. 

 

Table C.0.8: Calibration data for the passive stiffness load cell including the difference between 

actual and estimated loads. The average difference is also provided. This data is for calibration in the 

y-direction. 

 

Table C.0.9: Calibration data for the passive stiffness load cell including the difference between 

actual and estimated loads. The average difference is also provided. This data is for calibration in the 

y-direction. 

 

Table C.0.10: Calibration data for the passive stiffness load cell including the difference between 

actual and estimated loads. The average difference is also provided. This data is for calibration in the 

y-direction. 

 

Table C.3: Calibration data for the passive stiffness load cell including the difference between actual 

and estimated loads. The average difference is also provided. This data is for calibration in the y-

direction. 

 

Table C.0.11: Calibration data for the passive stiffness load cell including the difference between 

actual and estimated loads. The average difference is also provided. This data is for calibration in the 

y-direction. 

 

Table C.0.12: Calibration data for the passive stiffness load cell including the difference between 

actual and estimated loads. The average difference is also provided. This data is for calibration in the 

y-direction. 

 

Table C.0.13: Calibration data for the passive stiffness load cell including the difference between 

actual and estimated loads. The average difference is also provided. This data is for calibration in the 

y-direction. 

Figure C.3: Calibration plots for each of three trials 

showing recorded voltage and suspended load. 

Regression equations and R2 are displayed. 

Recorded 

Voltage (V) 

Actual 

Suspended 

Mass (kg) 

Estimated 

Mass (kg) 

Difference 

(kg) 

1.25 5.1 5.04 0.06 

2.25 9.1 9.05 0.01 

0.47 1.8 1.93 -0.12 

3.54 14.3 14.24 0.04 

2.89 11.56 11.61 -0.06 

0.07 0.0 0.30 -0.30 

0.88 3.5 3.57 -0.06 

1.85 7.4 7.47 -0.10 

-1.26 -5.1 -5.01 -0.09 

-2.90 -11.6 -11.56 0.01 

-0.90 -3.5 -3.57 0.06 

-3.56 -14.3 -14.22 -0.06 

-0.08 0.0 -0.28 0.28 

-2.26 -9.1 -9.02 -0.04 

-0.49 -1.8 -1.91 0.10 

-1.87 -7.4 -7.45 0.09 

1.32 5.1 5.34 -0.24 

2.31 9.1 9.29 -0.23 

0.47 1.8 1.91 -0.10 

3.61 14.3 14.51 -0.23 

2.90 11.6 11.66 -0.10 

-0.01 0.0 0.00 0.00 

0.83 3.5 3.37 0.14 

1.78 7.4 7.16 0.21 

-1.26 -5.1 -5.00 -0.10 

-2.81 -11.6 -11.21 -0.34 

-0.96 -3.5 -3.82 0.31 

-3.47 -14.3 -13.88 -0.40 

-0.14 0.0 -0.52 0.52 

-2.22 -9.1 -8.85 -0.22 

-0.42 -1.8 -1.64 -0.17 

-1.89 -7.4 -7.51 0.15 

1.27 5.1 5.14 -0.04 

2.32 9.1 9.34 -0.28 

0.45 1.8 1.84 -0.03 

3.63 14.3 14.58 -0.30 

2.90 11.6 11.65 -0.09 

-0.01 0.0 -0.01 0.01 

0.87 3.5 3.52 0.00 

1.85 7.4 7.45 -0.09 

-1.24 -5.1 -4.91 -0.19 

-2.86 -11.6 -11.42 -0.13 

-0.97 -3.5 -3.84 0.32 

-3.48 -14.3 -13.91 -0.36 

-0.14 0.0 -0.53 0.53 

-2.21 -9.1 -8.82 -0.25 

-0.45 -1.8 -1.77 -0.04 

-1.91 -7.4 -7.59 0.23 

  
Absolute 

Average 
0.16 
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Passive Stiffness Load Cell Z Calibration (AMTI MC3-6-250, Watertown, MA) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table C.5: Final coefficients for passive load cell  

calibration in all directions. 

Direction 
Slope 

Coefficient 

y-intercept 

Coefficient 

X 3.99 0.13 

Y 4.01 0.01 

Z 16.16 1.42 

Recorded 

Voltage (V) 

Actual 

Suspended 

Mass (kg) 

Estimated 

Mass (kg) 

Difference 

(kg) 

-0.07 0.0 0.10 -0.10 

-0.83 11.6 11.60 -0.04 

-0.39 5.1 5.00 0.09 

-0.66 9.1 9.04 0.02 

-1.01 14.3 14.25 0.03 

-0.18 1.8 1.75 0.06 

-0.56 7.4 7.46 -0.09 

-0.29 3.5 3.48 0.04 

-0.06 0.0 0.00 0.00 

-0.74 11.6 11.30 0.30 

-0.43 5.1 5.50 -0.40 

-0.58 9.1 8.84 0.26 

-0.91 14.3 14.77 -0.47 

-0.19 1.8 1.90 -0.08 

-0.57 7.4 7.68 -0.31 

-0.36 3.5 4.47 -0.95 

-0.03 0.0 -0.47 0.47 

-0.82 11.6 11.43 0.13 

-0.49 5.1 5.42 -0.32 

-0.64 9.1 8.77 0.30 

-0.96 14.3 13.56 0.72 

-0.27 1.8 2.06 -0.26 

-0.59 7.4 8.04 -0.68 

-0.30 3.5 3.53 -0.02 

  
Absolute 

Average: 
0.26 

Table C.4: Calibration data for the passive stiffness load cell including the difference between actual and 

estimated loads. The average difference is also provided. This data is for calibration in the z-direction. Because 

of the manner in which the load cell was mounted, the positive z-direction could not be calibrated using the 

suspension method. Because there was to be little, if any, forces in this direction, it was excluded from this 

analysis. 

 

Table C.4: Calibration data for the passive stiffness load cell including the difference between actual 

and estimated loads. The average difference is also provided. This data is for calibration in the z-

direction. Because of the manner in which the load cell was mounted, the positive z-direction could not 

be calibrated using the suspension method. Because there was to be little, if any, forces in this 

direction, it was excluded from this analysis. 

 

Table C.4: Calibration data for the passive stiffness load cell including the difference between actual 

and estimated loads. The average difference is also provided. This data is for calibration in the z-

direction. Because of the manner in which the load cell was mounted, the positive z-direction could not 

be calibrated using the suspension method. Because there was to be little, if any, forces in this 

direction, it was excluded from this analysis. 

 

Table C.4: Calibration data for the passive stiffness load cell including the difference between actual 

and estimated loads. The average difference is also provided. This data is for calibration in the z-

direction. Because of the manner in which the load cell was mounted, the positive z-direction could not 

be calibrated using the suspension method. Because there was to be little, if any, forces in this 

direction, it was excluded from this analysis. 

 

Table C.4: Calibration data for the passive stiffness load cell including the difference between actual and 

estimated loads. The average difference is also provided. This data is for calibration in the z-direction. Because 

of the manner in which the load cell was mounted, the positive z-direction could not be calibrated using the 

suspension method. Because there was to be little, if any, forces in this direction, it was excluded from this 

analysis. 

 

Table C.4: Calibration data for the passive stiffness load cell including the difference between actual 

and estimated loads. The average difference is also provided. This data is for calibration in the z-

direction. Because of the manner in which the load cell was mounted, the positive z-direction could not 

be calibrated using the suspension method. Because there was to be little, if any, forces in this 

direction, it was excluded from this analysis. 

 

Table C.4: Calibration data for the passive stiffness load cell including the difference between actual 

and estimated loads. The average difference is also provided. This data is for calibration in the z-

direction. Because of the manner in which the load cell was mounted, the positive z-direction could not 

be calibrated using the suspension method. Because there was to be little, if any, forces in this 

direction, it was excluded from this analysis. 

 

Table C.4: Calibration data for the passive stiffness load cell including the difference between actual 

and estimated loads. The average difference is also provided. This data is for calibration in the z-

direction. Because of the manner in which the load cell was mounted, the positive z-direction could not 

be calibrated using the suspension method. Because there was to be little, if any, forces in this 

direction, it was excluded from this analysis. 

Figure C.4: Calibration plots for each of 

three trials showing recorded voltage and 

suspended load. Regression equations and R2 

are displayed. 
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Appendix D 

Fitness Age Estimation by Group and by Population 

Through the Fitness Age estimation process, it was determined that the Fitness Age adjustment varies 

depending on whether the rotation is applied to the Fitness Age estimates for a sample of individuals in an 

age group or whether it is applied to the Fitness Age estimates for the entire population of subjects (See 

Figure D.1).  As can be seen on the graph, the Fitness Age adjusted for each age group shows less spread 

around the regression line. This means that the overall deviation between the Chronological Age and 

Fitness Age values (ie: Health Status) would be smaller in the age-group adjusted FA than in the 

population-adjusted FA. 

Figure D.1: Graphical comparison of two methods for correcting Fitness Age. Adjusting FA for the entire 

population at once (black circles and line) provides data with a larger difference between the estimated FA 

and the CA. This would yield larger Health Scores, thereby indication a larger deviation from “Normal” 

aging. Adjusting FA for each age group separately (grey circles and line) reveals data that is more closely 

related to CA (R2 = 0.805). 
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If this rotation correction is to be used for other studies such that the Fitness Age associations from the 

current analysis can be compared to those recorded by other researchers in the future, it is recommended 

that the smaller group-specific rotations be used. Not all studies will use a sample of individuals ranging 

in age from 20-65 years and therefore adjusting smaller, more comparable groups, will better facilitate 

comparisons between the current data and data from future studies. 
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Appendix E 

Passive Stiffness Friction Testing 

The coefficient of friction inherent to the passive stiffness testing apparatus was quantified experimentally 

by loading the upper body cradle with masses that would be representative of the upper body mass for the 

majority of my participants. The presentation of the loads was randomized so as to eliminate any effect of 

test order. With the cradle loaded, and the load secured so as to not shift during the movement, tension 

was applied to the load cell by way of a cable attached to a hook in the top. The trial lasted 5 seconds 

total, long enough to get the cradle moving and record some movement. 

The beginning of the trial was clipped so as to remove the static friction component from the analysis. 

This was thought to coincide with the stiffness testing in the current study as the initial seconds of data 

(approximately 5000 frames) were discorded from each trial, and therefore static friction would not have 

been an issue in the analysis. 

The voltage recorded from load cell was converted to force using the calibration coefficients presented in 

Appendix C. The masses of the loads were also converted to forces to represent the normal force in the 

system. 

The coefficient of friction was calculated using the following equation: 

𝜇 =
𝐹𝑎𝑝𝑝𝑙𝑖𝑒𝑑

𝐹𝑛𝑜𝑟𝑚𝑎𝑙
 

 Where 

  μ is the coefficient of dynamic friction 

Fapplied is the force recorded by the load cell 

Fnormal is the force created by the load on the cradle 
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The coefficient of friction calculated was quite variable between trials; however, it remained very low, 

and did not seem to increase systematically with increased mass. Therefore, the average of all of the 

coefficients of friction was used to denote the coefficient of friction for the system (see Table E.1 and 

Figure E.1 for data). 

Table E.1: Friction testing variables. The "mass" is the mass placed on the upper body cradle in kg, the force was 

the tensile force applied to the load cell, and μ is the coefficient of friction calculated for that trial.  

Mass (kg) Force (N) μ 

27 2.95 0.0110 

23 2.69 0.0121 

32 3.06 0.0098 

36 4.04 0.0113 

45 6.30 0.0141 

18 3.01 0.0169 

41 5.31 0.0132 

 

Figure E.1: The coefficient of friction recorded for each applied load. As shown, the coefficient of friction, 

while variable, did not change systematically, and therefore the stiffness calculated for each individual is not 

expected to be a factor of their body weight. 
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Appendix F 

Fitness Test Data 

Table F.14: Fitness test data for all participants in the current study. 

Subject 

# 

CA 

(years) 

FA 

(years) 

Back 

Strength 

(kg) 

Vertical 

Jump 

(cm) 

PWCmax 

(W/kg) 

Standing 

Trunk 

Flexion 

(cm) 

Side 

Step 

(# of 

lines) 

VO2 

Max 

Grip 

Strength 

Percent 

Body 

Fat 

S20 21 20 98.94 37.47 2.50 14 45 53.33 30 32.7 

S9 22 23 81.81 42.86 2.50 2 40 49.92 38 27.4 

S12 22 29 87.06 36.20 1.09 -3 40 27.89 45 38.0 

S27 22 19 74.91 36.20 2.81 12 42 55.01 36 22.9 

S33 23 20 76.87 36.51 2.31 23 38 49.82 30 17.7 

S48 23 26 83.84 39.37 1.91 5 38 35.03 34 27.7 

S1 24 23 118.78 31.75 1.97 16 42 40.62 35 26.1 

S21 24 24 82.43 42.86 1.94 14 43 37.92 36 28.3 

S2 25 29 98.85 31.75 1.76 -5 39 44.01 30 19.9 

S6 25 28 84.23 36.83 1.87 8 41 41.04 28 26.6 

S25 25 21 120.54 41.28 2.50 16 40 45.69 42 23.2 

S24 26 26 154.45 44.45 1.57 12 41 34.01 35 34.7 

S19 40 23 73.16 40.01 1.92 13 41 55.40 47 27.5 

S40 40 66 58.23 29.21 1.95 1 34 33.05 41 46.4 

S38 41 30 93.66 46.04 2.98 13 41 38.05 44 36.6 

S46 41 37 57.52 27.94 2.39 1 40 52.35 50 28.0 

S52 41 38 66.95 36.83 1.82 7 38 57.69 36 32.2 

S45 42 40 52.22 39.37 1.94 9 40 45.98 33 24.4 

S47 42 57 46.67 30.48 2.33 -1 35 49.84 26 33.4 

S51 42 62 50.66 22.23 1.21 11 29 30.34 46 40.4 

S53 43 33 50.64 28.58 2.54 15 43 58.93 35 22.7 

S7 44 51 126.97 27.94 1.90 16 35 34.70 36 39.8 

S32 44 55 126.37 36.83 1.35 1 39 32.35 41 37.7 

S50 58 64 26.60 26.67 1.23 7 36 34.86 22 33.1 

S44 59 49 74.51 34.29 2.33 23 39 39.93 32 29.0 

S18 60 56 46.18 26.67 2.66 20 29 54.74 24 35.8 

S23 60 59 49.08 23.50 2.11 18 33 52.99 30 42.0 

S36 60 69 39.40 22.86 1.89 10 25 28.57 34 45.9 

S15 61 62 79.98 20.96 2.42 7 31 49.02 22 34.1 

S22 61 63 90.92 20.00 2.12 -4 30 46.35 36 31.8 

S29 61 64 82.52 34.93 1.97 -1 38 38.03 24 37.8 

S49 63 74 37.18 17.78 1.68 7 25 42.05 19 39.4 

S4 64 72 58.14 24.77 2.11 -6 28 42.75 30 34.5 

S10 64 66 83.18 18.42 2.67 7 27 51.32 22 34.9 

S43 64 60 78.65 33.66 2.87 -1 36 54.26 33 30.2 

S3 66 71 85.65 20.64 1.71 11 27 42.84 23 37.5 
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Appendix G 

Trunk stiffness estimation methods 

Because the method used in the current analysis was different from that presented in literature, the 

sensitivity of this method to different spine angle definitions and determine the effect of changing the 

processing technique on the passive stiffness of the low back was evaluated. 

Previous studies have used inclinometers, accelerometers, and other positional sensors for this type of 

analysis. To date, no one has used a single line of markers on the low back to quantify sagittal spine 

motion. This approach was selected because the instrumentation at hand facilitated this analysis, but also 

because only two-dimensional motion was required and as such, this seemed to be a non-invasive and 

unobstructive way of completing this work. Originally, electrogoniometers were to be used, but these did 

not present a viable option as they are not able to withstand the bending and stretching involved in the full 

range of motion for the trunk, and often ended up failing or provided unrealistic data. 

There are two different sets of definitions that had to be determined in order to undertake this analysis. 

The first is how to quantify the flexion/extension of the lumbar spine. It was determined that there could 

be two viable options for segmental definition of lumbar spine motion. The first is to quantify the global 

motion of the upper portion of the lumbar spine (Figure G.1). This method was thought to eliminate some 

of the skin motion artefact inherent in trunk bending, as it used spine motion with respect to unmoving 

markers. In this case, a lower limb segment created from the hip to the knee, and a segment for the upper 

lumbar spine, created from the T10 marker to the L2 marker was assessed. The hip and knee markers 

were shown to move very little throughout the collection as these were secured against posts and strapped 

to the fixed cradle. The T10 marker generally fell on top of the participant’s sports bra and was therefore 
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immune to the skin motion artefact that would be present in spine stretching, and therefore the only 

marker that moved independently of the others, due to the stretching of the skin, was that on L2. 

The second segmental method for quantifying lumbar spine motion was to create two segments within the 

lumbar spine using four of the five markers placed on the spine. These two segments would represent the 

upper and lower lumbar spine and would be comprised of a segment from L1 to L2 and L4 to L5 

respectively (Figure G.2). This method was thought to be an improvement over the first method presented 

as it took into account the entirety of the lumbar spine motion. Consequently, by using only lumbar spine 

markers, the analysis was susceptible to the impact of the skin motion artefact as well as any errant 

marker movement (ie: such as if the marker came loose or fell off during the collection). Using only the 
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Figure G.1: Estimating low back flexion using leg and lumbar spine segments. By quantifying lumbar 

spine motion in terms of the range of motion of the upper portion of the lumbar spine with respect to a 

fixed, immoveable segment such as that formed by the lower limb, skin motion artefact is effectively 

eliminated from the equation and will not affect the outcome through unexpected marker movement. 
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lumbar spine markers also increased the risk for having to discard trials due to poor marker visibility, as 

any missing marker would render the trial unusable. 

 

The third method approximated the curvature of the lumbar spine mathematically, thereby reducing the 

impact of missing markers and errant marker movement (Figure G.3). The method fit a series of curves to 

the lumbar spine markers, beginning with high-order fits that essentially over-fit the data, and sequentially 

integrating these curves until a quadratic curve approximating the curvature of the lumbar spine was 

obtained. By sequentially integrating these higher-order curves, the process was essentially taking the 

average of the points, until an “average” second order polynomial that closely resembled the curvature of 

the lumbar spine was obtained. Using this method, missing markers could be discarded, as the curve to 

still be approximated across the gap left by these markers. The only markers that had to be visible were 

the L1 and L5 markers, as well as one other marker to make up a curve. Once a curve approximating the 

shape of the spine was calculated, tangents at either end of the curve were used in the angle calculation. 
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Figure G.2: Estimating low back flexion using upper and lower lumbar spine cords. By creating two 

segments using only the spine markers, the entire motion of the lumbar spine was examined; however, 

missing markers would result in a trial being discarded from the analysis. 
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The angle between these tangents was thought to most accurately reflect the lumbar spine angle as it 

closely approximated the angle between the L1 and L5 markers. 

 

The second set of definitions that would have affected the outcome of the current study was in the 

division of the load-deformation curves for calculating stiffness. Previous researchers have divided this 

line into three sections (Figure G.4). It is thought that these sections represent the neutral, toe, and linear 

regions of the stress-strain curves, as is typically seen in tissue mechanics research. These researchers 

normalized their trunk motion to the starting posture recorded in the testing session, which would have 

been representative of the motion throughout the trial from start (0%) to maximum recorded flexion 

(100%).  
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Figure G.3: Estimating low back flexion using tangents to the curve of the lumbar spine. Using a curve to 

mathematically approximate the shape of the lumbar spine reduces the impact of marker movement and 

missing markers in the analysis. 
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However, in the current analysis, the data was normalized to full forward standing flexion which was not 

a direct reflection of the posture recorded in the testing session. By normalizing to standing trunk flexion, 

the data ranges from a neutral spine posture (0%) to a maximally flexed posture (100%). During the 

testing, as well as in post-processing, it was observed that when the participants were placed in the 

passive stiffness testing apparatus with their knees bent on the lower body cradle, their lumbar spine had 

already flattened substantially compared to their neutral posture. Therefore, it is possible that the neutral 

region of the stress-strain curve is no longer applicable as the participants are starting in a position that 

has placed them in the toe-region of the curve when starting the motion. For this reason, it was thought 

that dividing the load-deformation curve into two sections, rather than three, to represent the toe and 

linear regions of the curve (Figure G.5) was a valid approach. 
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Figure G.4: Graphical representation of the three regions of the torque-flexion curve, which in the current 

analysis is used as the load-deformation curve for the low back. Note: this curve was not created using 

actual data but rather is an approximation created by the researcher based on observations while processing. 



 

 

 

145 

 

 

Therefore, in order to determine the effect of the different definitions on the outcome of the current 

analysis, passive stiffness was calculated for 9 males and 10 females (age 20-25) using all six 

combinations of these two definitions, that is each of three spine definitions with each of the two stress-

strain curve segmentation methods. The results are presented in Figure G.6. This population was selected 

for two reasons. First, because there is a multitude of studies stating that males are significantly stiffer 

than females. Second, this comparison was selected so as to not allow the results from the meta-analysis 

to influence the selection of the method by selecting that method which provides the desired results. Since 
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Figure G.5: Graphical representation of the load-deformation curve showing only two regions, assuming 

that the neutral region is not applicable in the current analysis. Note: this curve was not created using actual 

data but rather is an approximation created by the researcher based on observations while processing. 
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a gender comparison is not part of the current analysis, any observed differences will not impact the 

outcomes of the present study. 

Based on the results presented in Figure G.6, the researchers concluded that each of the methods 

presented could be used to differentiate the stiffness between men and women, and that any of these 

methods could have been selected to proceed with the analysis. In order to be as rigorous as possible, the 

researchers selected the method that was thought would be the most appropriate: Method 3 with 3 

sections. Method 3 is thought to best represent the shape of the spine by fitting the curve to all five 

markers that were affixed to the skin overlaying the spine. Using three sections instead of two best 

represented the shape of the stress-strain curve, with the linear region of the curve more closely 

represented by its linear fit.

Figure G.6: Results from the meta-analysis for determining which stiffness estimation method is most 

appropriate. The data presented above is the stiffness (ie: slope of the linear region of the stress-strain 

curve) across all spine and slope definitions. The methods were 1) Upper lumbar spine vs legs, 2) Upper 

lumbar spine vs. lower lumbar spine, and 3) Angle between curve fit tangents. The number of “sections” (3 

or 2) corresponds to the subdivisions of the stress-strain curve where 3 sections include neutral, toe, and 

linear regions, while 2 sections include only the toe and neutral regions. 
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Appendix H 

Average EMG data for all muscles for each participant 

Table H.1: Average EMG data for the right lumbar erector spinae muscle (measured in % MVIC) for each participant (N = 28, CA = 20-25, n = 9; CA = 40-45; 

n = 9; CA = 60-65, n = 10) for all seven seated time epochs. Mean represents the average muscle activation across the 7 seated time epochs, while Range 

represents the absolute change in muscle activity (Max-Min) while seated.  

Subject # 
CA 

(years) 

Seated Epochs 
Mean 

(%MVIC) 

Range 

(%MVIC) 
1 

(%MVIC) 

2 

(%MVIC) 

3 

(%MVIC) 

4 

(%MVIC) 

5 

(%MVIC) 

6 

(%MVIC) 

7 

(%MVIC) 

S20 21 4.99 4.87 4.31 3.91 5.66 4.09 4.21 4.58 1.75 
S9 22 2.29 2.28 2.26 2.27 2.63 2.72 3.32 2.54 1.05 
S27 22 3.00 4.47 3.04 4.12 3.87 3.57 4.59 3.81 1.59 

S33 23 4.10 3.94 2.18 3.97 4.13 3.42 3.06 3.55 1.95 
S48 23 2.75 2.19 3.18 2.27 3.93 3.62 2.84 2.97 1.74 
S21 24 2.20 1.92 1.78 5.78 4.34 5.72 5.61 3.91 3.99 

S6 25 3.58 2.13 2.61 3.51 2.77 3.78 4.50 3.27 2.37 
S25 25 3.52 4.30 3.75 4.09 4.44 2.38 2.90 3.63 2.06 

S24 26 5.98 6.74 5.99 6.48 7.57 7.19 3.45 6.20 4.12 
S19 40 3.49 3.21 2.77 4.50 4.61 1.91 1.90 3.20 2.71 
S40 40 5.22 4.80 2.91 4.40 5.56 6.79 5.71 5.06 3.88 

S38 41 3.52 2.86 2.93 3.20 2.50 2.31 2.75 2.87 1.20 
S46 41 3.48 2.27 2.85 2.32 3.24 5.04 3.58 3.26 2.77 
S52 41 4.73 5.04 2.84 3.01 3.56 2.15 3.02 3.48 2.89 

S45 42 6.40 6.24 7.07 4.95 5.20 5.16 6.81 5.98 2.12 
S47 42 3.52 3.22 3.14 3.10 3.10 4.31 3.20 3.37 1.21 
S53 43 3.19 2.77 3.07 3.79 2.30 1.64 2.93 2.81 2.14 

S32 44 7.62 8.35 7.63 7.38 7.31 8.64 8.04 7.85 1.32 
S50 58 1.82 1.50 1.60 1.55 1.59 2.16 1.76 1.71 0.66 

S44 59 3.99 3.57 3.60 3.67 3.75 4.00 3.84 3.78 0.44 
S18 60 3.86 3.89 5.31 4.87 5.50 4.20 3.66 4.47 1.84 
S23 60 5.64 5.07 6.59 5.65 6.34 6.20 5.30 5.83 1.52 

S36 60 1.69 1.77 1.96 2.12 3.91 2.38 2.48 2.33 2.23 
S29 61 8.12 7.43 7.61 8.08 6.96 7.20 6.92 7.47 1.20 
S4 64 9.34 7.51 8.69 10.82 7.68 5.66 8.41 8.30 5.17 

S10 64 10.71 4.06 13.23 9.32 12.47 7.44 9.99 9.60 9.17 
S43 64 4.42 2.67 2.72 2.82 2.79 2.74 2.79 2.99 1.75 

S3 66 0.29 0.29 0.29 0.29 0.29 0.29 0.28 0.29 0.01 
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Table H.2: Average EMG data for the right thoracic erector spinae muscle (measured in % MVIC) for each participant (N = 28, CA = 20-25, n = 9; CA = 40-45; 

n = 9; CA = 60-65, n = 10) for all seven seated time epochs. Mean represents the average muscle activation across the 7 seated time epochs, while Range 

represents the absolute change in muscle activity (Max-Min) while seated.  

Subject # 
CA 

(years) 

Seated Epochs 
Mean 

(%MVIC) 

Range 

(%MVIC) 
1 

(%MVIC) 

2 

(%MVIC) 

3 

(%MVIC) 

4 

(%MVIC) 

5 

(%MVIC) 

6 

(%MVIC) 

7 

(%MVIC) 

S20 21 4.31 4.21 3.73 3.38 4.89 3.53 3.64 3.96 1.51 
S9 22 2.96 2.94 2.92 2.93 3.40 3.51 4.28 3.28 1.36 

S27 22 2.81 4.19 2.84 3.86 3.63 3.34 4.30 3.57 1.49 
S33 23 8.07 7.75 4.28 7.81 8.13 6.73 6.03 6.97 3.84 

S48 23 3.21 2.56 3.71 2.65 4.59 4.23 3.32 3.47 2.03 
S21 24 3.23 2.82 2.63 8.50 6.39 8.42 8.25 5.75 5.87 
S6 25 5.02 2.98 3.65 4.92 3.88 5.30 6.30 4.58 3.32 

S25 25 1.82 2.22 1.94 2.11 2.29 1.23 1.50 1.87 1.06 
S24 26 7.67 8.65 7.68 8.31 9.71 9.22 4.43 7.95 5.28 
S19 40 5.59 5.15 4.43 7.21 7.38 3.07 3.05 5.13 4.33 

S40 40 5.05 4.63 2.81 4.25 5.37 6.56 5.52 4.88 3.75 
S38 41 7.71 6.28 6.41 7.02 5.48 5.07 6.03 6.29 2.64 

S46 41 4.39 2.87 3.60 2.93 4.09 6.36 4.52 4.11 3.49 
S52 41 7.58 8.07 4.54 4.82 5.70 3.44 4.83 5.57 4.63 
S45 42 7.83 7.64 8.65 6.06 6.36 6.32 8.34 7.32 2.59 

S47 42 6.96 6.38 6.22 6.14 6.13 8.54 6.33 6.67 2.40 
S53 43 2.70 2.34 2.59 3.19 1.94 1.39 2.47 2.37 1.81 
S32 44 13.70 15.00 13.72 13.26 13.15 15.53 14.45 14.12 2.38 

S50 58 2.11 1.74 1.86 1.80 1.84 2.51 2.05 1.99 0.77 
S44 59 3.16 2.83 2.85 2.91 2.97 3.17 3.04 2.99 0.34 
S18 60 6.81 6.87 9.38 8.59 9.72 7.42 6.47 7.89 3.25 

S23 60 19.17 17.23 22.39 19.20 21.54 21.07 18.02 19.80 5.16 
S36 60 2.38 2.50 2.77 2.99 5.52 3.35 3.50 3.28 3.14 

S29 61 12.65 11.58 11.86 12.60 10.85 11.22 10.79 11.65 1.87 
S4 64 17.52 14.09 16.31 20.31 14.41 10.62 15.79 15.58 9.69 
S10 64 13.19 5.00 16.30 11.49 15.37 9.17 12.32 11.84 11.31 

S43 64 8.78 5.31 5.41 5.60 5.55 5.44 5.53 5.94 3.47 
S3 66 0.23 0.23 0.23 0.23 0.22 0.23 0.22 0.23 0.01 
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Table H.3: Average EMG data for the left thoracic erector spinae muscle (measured in % MVIC) for each participant (N = 28, CA = 20-25, n = 9; CA = 40-45; n 

= 9; CA = 60-65, n = 10) for all seven seated time epochs. Mean represents the average muscle activation across the 7 seated time epochs, while Range 

represents the absolute change in muscle activity (Max-Min) while seated.  

Subject # 
CA 

(years) 

Seated Epochs 
Mean 

(%MVIC) 

Range 

(%MVIC) 
1 

(%MVIC) 

2 

(%MVIC) 

3 

(%MVIC) 

4 

(%MVIC) 

5 

(%MVIC) 

6 

(%MVIC) 

7 

(%MVIC) 

S20 21 3.99 4.44 5.70 5.00 5.37 5.44 4.34 4.90 1.70 
S9 22 6.16 7.38 9.03 7.77 9.36 6.86 6.32 7.55 3.19 

S27 22 3.02 3.00 3.70 3.77 3.54 4.25 3.28 3.50 1.25 
S33 23 3.23 3.83 5.71 3.32 4.22 4.79 3.73 4.12 2.48 

S48 23 5.64 4.46 5.12 5.07 4.13 5.76 4.63 4.97 1.63 
S21 24 1.97 3.04 3.58 3.03 3.57 3.31 2.53 3.01 1.61 
S6 25 2.42 4.55 3.09 3.12 5.06 3.31 3.51 3.58 2.64 

S25 25 1.95 1.39 1.40 0.84 1.36 2.30 2.63 1.69 1.79 
S24 26 4.20 3.55 4.57 4.38 3.73 4.69 6.77 4.56 3.22 
S19 40 2.47 2.53 2.17 2.16 2.74 2.27 2.28 2.37 0.58 

S40 40 15.30 8.40 5.45 10.51 12.47 13.98 14.82 11.56 9.86 
S38 41 3.02 3.28 4.23 4.25 4.35 3.90 5.09 4.02 2.07 

S46 41 6.83 3.86 5.13 4.76 6.47 5.66 5.98 5.53 2.98 
S52 41 7.12 8.36 7.73 6.88 5.25 9.69 8.77 7.68 4.45 
S45 42 7.23 5.99 9.81 5.26 9.47 4.74 4.63 6.73 5.18 

S47 42 11.26 7.86 6.61 5.13 5.22 7.60 8.26 7.42 6.13 
S53 43 2.46 1.51 1.50 1.33 1.00 1.01 0.85 1.38 1.62 
S32 44 0.99 1.17 0.92 1.25 0.88 0.86 1.00 1.01 0.39 

S50 58 4.29 3.46 3.60 4.39 3.34 3.78 4.99 3.98 1.65 
S44 59 5.26 5.14 3.33 4.62 5.75 10.27 3.65 5.43 6.94 
S18 60 4.87 3.84 3.81 3.85 5.45 3.76 5.86 4.49 2.10 

S23 60 9.81 9.22 9.18 9.84 10.02 9.17 9.42 9.52 0.85 
S36 60 1.58 1.60 1.75 2.09 2.37 2.44 2.60 2.06 1.02 

S29 61 8.82 7.47 7.17 7.44 7.08 7.10 7.17 7.46 1.74 
S4 64 14.51 9.12 10.24 8.97 9.23 7.55 10.27 9.98 6.96 
S10 64 8.10 11.43 8.77 8.07 9.84 9.28 9.99 9.36 3.36 

S43 64 3.31 2.14 2.13 2.38 2.40 2.72 2.43 2.50 1.18 
S3 66 6.11 6.17 4.48 7.07 8.02 4.79 10.98 6.80 6.50 
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Table H.4: Average EMG data for the right multifidus muscle (measured in % MVIC) for each participant (N = 28, CA = 20-25, n = 9; CA = 40-45; n = 9; CA = 

60-65, n = 10) for all seven seated time epochs. Mean represents the average muscle activation across the 7 seated time epochs, while Range represents the 

absolute change in muscle activity (Max-Min) while seated.  

Subject # 
CA 

(years) 

Seated Epochs 
Mean 

(%MVIC) 

Range 

(%MVIC) 
1 

(%MVIC) 

2 

(%MVIC) 

3 

(%MVIC) 

4 

(%MVIC) 

5 

(%MVIC) 

6 

(%MVIC) 

7 

(%MVIC) 

S20 21 8.03 7.83 6.93 6.29 9.10 6.58 6.77 7.36 2.81 
S9 22 3.47 3.44 3.43 3.43 3.98 4.11 5.02 3.84 1.59 

S27 22 3.78 5.63 3.83 5.19 4.88 4.50 5.79 4.80 2.01 
S33 23 8.82 8.47 4.68 8.53 8.88 7.36 6.59 7.62 4.20 

S48 23 2.20 1.76 2.55 1.82 3.15 2.90 2.28 2.38 1.39 
S21 24 4.96 4.33 4.02 13.02 9.78 12.90 12.64 8.81 9.00 
S6 25 3.98 2.37 2.90 3.91 3.08 4.20 5.00 3.63 2.63 

S25 25 3.57 4.36 3.80 4.15 4.50 2.41 2.94 3.68 2.09 
S24 26 8.86 9.99 8.88 9.60 11.22 10.65 5.11 9.19 6.10 
S19 40 6.63 6.11 5.25 8.56 8.75 3.64 3.61 6.08 5.14 

S40 40 3.99 3.66 2.22 3.36 4.24 5.19 4.36 3.86 2.97 
S38 41 6.28 5.11 5.22 5.72 4.47 4.13 4.91 5.12 2.15 

S46 41 2.83 1.85 2.32 1.89 2.64 4.10 2.91 2.65 2.25 
S52 41 10.03 10.68 6.01 6.38 7.54 4.56 6.40 7.37 6.13 
S45 42 11.43 11.16 12.63 8.85 9.28 9.23 12.18 10.68 3.79 

S47 42 6.60 6.05 5.89 5.82 5.81 8.09 6.00 6.33 2.28 
S53 43 4.69 4.07 4.51 5.56 3.38 2.41 4.30 4.13 3.15 
S32 44 18.05 19.76 18.07 17.46 17.32 20.45 19.03 18.59 3.14 

S50 58 6.17 5.08 5.43 5.27 5.38 7.33 5.99 5.81 2.25 
S44 59 4.52 4.04 4.08 4.15 4.24 4.53 4.35 4.27 0.49 
S18 60 8.69 8.77 11.97 10.96 12.40 9.47 8.26 10.07 4.14 

S23 60 9.43 8.48 11.02 9.45 10.60 10.37 8.87 9.75 2.54 
S36 60 3.68 3.86 4.28 4.63 8.54 5.18 5.41 5.08 4.86 

S29 61 9.42 8.62 8.82 9.38 8.08 8.35 8.03 8.67 1.39 
S4 64 18.99 15.27 17.68 22.01 15.62 11.51 17.11 16.88 10.51 
S10 64 19.25 7.29 23.78 16.76 22.42 13.37 17.97 17.26 16.49 

S43 64 4.96 3.00 3.06 3.17 3.14 3.07 3.13 3.36 1.96 
S3 66 0.21 0.21 0.22 0.22 0.21 0.21 0.21 0.21 0.01 
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Table H.5: Average EMG data for the left multifidus muscle (measured in % MVIC) for each participant (N = 28, CA = 20-25, n = 9; CA = 40-45; n = 9; CA = 

60-65, n = 10) for all seven seated time epochs. Mean represents the average muscle activation across the 7 seated time epochs, while Range represents the 

absolute change in muscle activity (Max-Min) while seated.  

Subject # 
CA 

(years) 

Seated Epochs 
Mean 

(%MVIC) 

Range 

(%MVIC) 
1 

(%MVIC) 

2 

(%MVIC) 

3 

(%MVIC) 

4 

(%MVIC) 

5 

(%MVIC) 

6 

(%MVIC) 

7 

(%MVIC) 

S20 21 7.57 8.41 10.80 9.47 10.18 10.32 8.23 9.28 3.23 
S9 22 8.15 9.75 11.93 10.27 12.37 9.07 8.36 9.98 4.22 

S27 22 4.44 4.42 5.45 5.55 5.21 6.26 4.83 5.17 1.85 
S33 23 3.43 4.05 6.05 3.52 4.47 5.08 3.96 4.36 2.62 

S48 23 3.65 2.88 3.30 3.28 2.67 3.72 2.99 3.21 1.06 
S21 24 3.38 5.22 6.14 5.20 6.13 5.68 4.35 5.16 2.76 
S6 25 3.01 5.68 3.85 3.89 6.30 4.13 4.38 4.46 3.29 

S25 25 3.52 2.50 2.53 1.52 2.45 4.15 4.74 3.06 3.22 
S24 26 5.77 4.87 6.27 6.00 5.12 6.43 9.28 6.25 4.41 
S19 40 3.65 3.73 3.20 3.19 4.05 3.35 3.36 3.51 0.85 

S40 40 12.38 6.79 4.41 8.50 10.09 11.31 11.99 9.35 7.98 
S38 41 3.58 3.89 5.01 5.03 5.15 4.62 6.02 4.76 2.45 

S46 41 6.20 3.50 4.65 4.32 5.87 5.14 5.42 5.01 2.7 
S52 41 9.75 11.45 10.59 9.42 7.19 13.28 12.02 10.53 6.09 
S45 42 6.59 5.46 8.95 4.80 8.63 4.33 4.22 6.14 4.72 

S47 42 9.27 6.47 5.44 4.22 4.30 6.26 6.80 6.11 5.05 
S53 43 3.17 1.94 1.93 1.71 1.29 1.31 1.09 1.78 2.08 
S32 44 12.47 14.74 11.57 15.82 11.15 10.84 12.57 12.74 4.98 

S50 58 13.17 10.60 11.05 13.47 10.25 11.61 15.31 12.21 5.06 
S44 59 4.68 4.57 2.96 4.11 5.11 9.13 3.24 4.83 6.17 
S18 60 7.06 5.56 5.52 5.58 7.90 5.46 8.50 6.51 3.04 

S23 60 8.06 7.58 7.54 8.09 8.24 7.54 7.74 7.83 0.7 
S36 60 3.35 3.39 3.72 4.44 5.03 5.19 5.52 4.38 2.16 

S29 61 12.34 10.45 10.04 10.40 9.91 9.93 10.04 10.44 2.43 
S4 64 10.94 6.88 7.72 6.76 6.96 5.69 7.74 7.53 5.25 
S10 64 7.22 10.18 7.81 7.19 8.77 8.27 8.90 8.33 3 

S43 64 3.36 2.17 2.16 2.41 2.43 2.76 2.47 2.54 1.2 
S3 66 5.76 5.81 4.22 6.66 7.56 4.51 10.35 6.41 6.13 
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Table H.6: Average EMG data for the right rectus abdominis muscle (measured in % MVIC) for each participant (N = 28, CA = 20-25, n = 9; CA = 40-45; n = 

9; CA = 60-65, n = 10) for all seven seated time epochs. Mean represents the average muscle activation across the 7 seated time epochs, while Range represents 

the absolute change in muscle activity (Max-Min) while seated.  

Subject # 
CA 

(years) 

Seated Epochs 
Mean 

(%MVIC) 

Range 

(%MVIC) 
1 

(%MVIC) 

2 

(%MVIC) 

3 

(%MVIC) 

4 

(%MVIC) 

5 

(%MVIC) 

6 

(%MVIC) 

7 

(%MVIC) 

S20 21 11.65 11.76 11.71 11.59 11.80 11.63 11.79 11.70 0.21 
S9 22 5.49 5.39 5.44 5.37 5.44 5.37 5.39 5.41 0.12 

S27 22 2.53 2.47 2.49 2.56 2.58 2.87 2.61 2.59 0.40 
S33 23 0.89 0.90 0.92 0.91 0.91 0.91 0.91 0.91 0.03 

S48 23 5.69 5.59 5.55 5.57 5.62 5.65 5.58 5.61 0.13 
S21 24 5.09 4.84 4.79 4.72 4.69 4.70 4.67 4.79 0.42 
S6 25 3.34 3.30 3.31 3.38 3.45 3.48 3.44 3.38 0.17 

S25 25 0.65 0.65 0.64 0.64 0.65 0.66 0.69 0.65 0.06 
S24 26 1.59 1.58 1.60 1.61 1.60 1.66 2.53 1.74 0.95 
S19 40 1.84 1.84 1.89 1.91 1.91 1.95 1.97 1.90 0.14 

S40 40 8.93 9.25 9.28 9.54 9.69 9.93 10.06 9.53 1.12 
S38 41 7.57 7.54 7.59 7.60 7.61 7.68 7.67 7.61 0.14 

S46 41 3.49 3.49 3.48 3.48 3.44 3.38 3.70 3.49 0.32 
S52 41 3.01 2.93 2.73 2.72 2.77 2.80 2.72 2.81 0.29 
S45 42 5.14 5.14 5.09 5.10 4.97 5.10 5.03 5.08 0.18 

S47 42 3.93 3.85 3.77 3.77 3.74 3.82 3.74 3.80 0.19 
S53 43 1.84 1.87 1.92 1.88 1.95 1.95 1.93 1.91 0.11 
S32 44 8.51 7.22 7.14 6.89 6.98 7.10 6.80 7.23 1.71 

S50 58 2.59 2.48 2.55 2.47 2.54 3.00 2.65 2.61 0.53 
S44 59 3.95 3.98 3.98 4.09 4.10 4.21 4.20 4.07 0.25 
S18 60 5.57 5.43 5.42 5.26 5.43 5.25 5.18 5.37 0.39 

S23 60 4.81 5.27 4.94 5.67 5.29 4.95 4.86 5.11 0.86 
S36 60 5.79 5.68 5.47 5.70 6.10 6.43 6.64 5.97 1.17 

S29 61 10.97 10.53 10.50 10.52 10.51 10.59 10.73 10.62 0.47 
S4 64 7.33 7.27 7.50 7.72 7.60 7.66 7.90 7.57 0.63 
S10 64 3.82 3.76 3.75 3.75 3.74 3.78 3.77 3.77 0.08 

S43 64 4.17 3.13 3.18 3.23 3.25 3.25 3.27 3.35 1.03 
S3 66 5.10 5.24 5.10 5.10 5.21 5.19 5.26 5.17 0.16 
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Table H.7: Average EMG data for the left rectus abdominis muscle (measured in % MVIC) for each participant (N = 28, CA = 20-25, n = 9; CA = 40-45; n = 9; 

CA = 60-65, n = 10) for all seven seated time epochs. Mean represents the average muscle activation across the 7 seated time epochs, while Range represents the 

absolute change in muscle activity (Max-Min) while seated.  

Subject # 
CA 

(years) 

Seated Epochs 
Mean 

(%MVIC) 

Range 

(%MVIC) 
1 

(%MVIC) 

2 

(%MVIC) 

3 

(%MVIC) 

4 

(%MVIC) 

5 

(%MVIC) 

6 

(%MVIC) 

7 

(%MVIC) 

S20 21 3.49 3.64 3.47 3.39 3.41 3.55 3.43 3.49 0.25 
S9 22 6.88 6.84 6.85 6.86 6.95 6.79 6.87 6.86 0.16 

S27 22 4.88 4.77 4.83 4.88 4.85 5.09 4.83 4.88 0.32 
S33 23 0.80 0.88 0.81 0.84 0.83 0.85 0.85 0.84 0.08 

S48 23 7.48 7.31 7.37 7.41 7.19 7.37 7.15 7.32 0.33 
S21 24 4.95 4.99 5.06 5.07 5.16 5.17 5.20 5.09 0.25 
S6 25 2.87 2.89 2.90 2.93 3.01 3.02 3.03 2.95 0.17 

S25 25 1.27 1.22 1.16 1.13 1.19 1.11 1.31 1.20 0.20 
S24 26 1.44 1.44 1.43 1.43 1.43 1.49 2.14 1.54 0.71 
S19 40 1.06 1.06 1.08 1.06 1.05 1.07 1.08 1.07 0.03 

S40 40 7.99 8.13 8.40 8.44 8.59 8.70 9.66 8.56 1.67 
S38 41 14.21 14.27 14.27 13.95 13.96 13.87 14.08 14.08 0.40 

S46 41 1.59 1.58 1.57 1.59 1.58 1.57 1.65 1.59 0.07 
S52 41 3.36 3.32 3.23 3.25 3.29 3.30 3.32 3.29 0.13 
S45 42 0.74 0.75 0.75 0.75 0.75 0.76 0.77 0.75 0.02 

S47 42 14.35 14.27 13.58 13.08 12.72 12.58 12.37 13.28 1.98 
S53 43 2.33 2.37 2.38 2.41 2.44 2.44 2.41 2.40 0.11 
S32 44 2.54 2.51 2.44 2.39 2.38 2.43 2.38 2.44 0.17 

S50 58 4.33 4.23 4.20 4.19 4.15 4.98 4.43 4.36 0.82 
S44 59 6.24 6.24 6.33 6.36 6.49 6.55 6.52 6.39 0.31 
S18 60 13.54 13.38 13.01 12.82 12.39 12.55 14.36 13.15 1.96 

S23 60 4.50 4.53 4.52 4.55 4.46 4.44 4.47 4.50 0.11 
S36 60 3.88 3.84 3.93 3.97 4.02 4.05 4.06 3.96 0.22 

S29 61 11.54 11.83 11.90 11.96 11.93 12.09 12.51 11.97 0.97 
S4 64 6.15 6.14 6.28 6.45 6.42 6.49 6.63 6.36 0.49 
S10 64 8.00 7.96 7.93 7.91 7.94 7.78 7.91 7.92 0.22 

S43 64 5.27 3.18 3.17 3.16 3.18 3.23 3.21 3.49 2.11 
S3 66 10.62 10.81 10.67 10.61 10.70 10.84 10.82 10.73 0.24 
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Table H.8: Average EMG data for the right external obliquus muscle (measured in % MVIC) for each participant (N = 28, CA = 20-25, n = 9; CA = 40-45; n = 

9; CA = 60-65, n = 10) for all seven seated time epochs. Mean represents the average muscle activation across the 7 seated time epochs, while Range represents 

the absolute change in muscle activity (Max-Min) while seated.  

Subject # 
CA 

(years) 

Seated Epochs 
Mean 

(%MVIC) 

Range 

(%MVIC) 
1 

(%MVIC) 

2 

(%MVIC) 

3 

(%MVIC) 

4 

(%MVIC) 

5 

(%MVIC) 

6 

(%MVIC) 

7 

(%MVIC) 

S20 21 5.02 5.07 5.05 5.00 5.09 5.01 5.09 5.05 0.09 
S9 22 2.24 2.20 2.22 2.19 2.22 2.19 2.20 2.21 0.05 

S27 22 0.95 0.93 0.93 0.96 0.97 1.07 0.98 0.97 0.15 
S33 23 1.24 1.27 1.29 1.28 1.28 1.28 1.28 1.28 0.05 

S48 23 2.55 2.50 2.49 2.49 2.52 2.53 2.50 2.51 0.06 
S21 24 2.47 2.34 2.32 2.29 2.27 2.28 2.26 2.32 0.20 
S6 25 1.75 1.73 1.73 1.77 1.80 1.82 1.80 1.77 0.09 

S25 25 0.97 0.97 0.95 0.94 0.96 0.98 1.02 0.97 0.08 
S24 26 0.95 0.95 0.96 0.96 0.96 1.00 1.52 1.04 0.57 
S19 40 0.95 0.95 0.97 0.98 0.98 1.00 1.01 0.98 0.07 

S40 40 5.73 5.94 5.95 6.12 6.22 6.37 6.45 6.11 0.72 
S38 41 4.75 4.73 4.76 4.77 4.77 4.82 4.81 4.77 0.09 

S46 41 0.99 0.98 0.98 0.98 0.97 0.95 1.04 0.99 0.09 
S52 41 1.52 1.48 1.38 1.38 1.40 1.41 1.38 1.42 0.15 
S45 42 1.36 1.36 1.35 1.35 1.32 1.35 1.33 1.35 0.05 

S47 42 3.30 3.23 3.17 3.17 3.14 3.21 3.14 3.20 0.16 
S53 43 0.62 0.63 0.64 0.63 0.66 0.65 0.65 0.64 0.04 
S32 44 3.80 3.22 3.19 3.08 3.11 3.17 3.04 3.23 0.76 

S50 58 1.52 1.45 1.50 1.45 1.49 1.76 1.55 1.53 0.31 
S44 59 2.41 2.43 2.43 2.50 2.51 2.57 2.56 2.49 0.15 
S18 60 1.75 1.70 1.70 1.65 1.70 1.65 1.63 1.68 0.12 

S23 60 3.11 3.41 3.19 3.66 3.41 3.20 3.14 3.30 0.55 
S36 60 3.85 3.77 3.63 3.78 4.05 4.27 4.41 3.97 0.77 

S29 61 4.83 4.63 4.62 4.63 4.62 4.66 4.72 4.67 0.21 
S4 64 3.78 3.75 3.86 3.98 3.92 3.95 4.07 3.90 0.33 
S10 64 5.11 5.02 5.01 5.01 5.00 5.06 5.05 5.04 0.11 

S43 64 1.76 1.32 1.34 1.36 1.37 1.37 1.38 1.42 0.44 
S3 66 1.52 1.56 1.52 1.52 1.55 1.55 1.57 1.54 0.05 
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Table H.9: Average EMG data for the left external obliquus muscle (measured in % MVIC) for each participant (N = 28, CA = 20-25, n = 9; CA = 40-45; n = 9; 

CA = 60-65, n = 10) for all seven seated time epochs. Mean represents the average muscle activation across the 7 seated time epochs, while Range represents the 

absolute change in muscle activity (Max-Min) while seated.  

Subject # 
CA 

(years) 

Seated Epochs 
Mean 

(%MVIC) 

Range 

(%MVIC) 
1 

(%MVIC) 

2 

(%MVIC) 

3 

(%MVIC) 

4 

(%MVIC) 

5 

(%MVIC) 

6 

(%MVIC) 

7 

(%MVIC) 

S20 21 8.37 8.73 8.32 8.12 8.16 8.51 8.23 8.35 0.61 
S9 22 3.82 3.80 3.81 3.81 3.86 3.77 3.82 3.81 0.09 

S27 22 0.91 0.89 0.90 0.91 0.90 0.95 0.90 0.91 0.06 
S33 23 0.71 0.78 0.72 0.74 0.73 0.75 0.75 0.74 0.07 

S48 23 1.99 1.95 1.96 1.97 1.91 1.96 1.90 1.95 0.09 
S21 24 1.45 1.46 1.48 1.48 1.51 1.51 1.52 1.49 0.07 
S6 25 2.69 2.71 2.72 2.75 2.83 2.84 2.85 2.77 0.16 

S25 25 0.77 0.74 0.71 0.69 0.72 0.68 0.80 0.73 0.12 
S24 26 0.53 0.53 0.53 0.53 0.53 0.55 0.79 0.57 0.26 
S19 40 0.66 0.66 0.67 0.65 0.65 0.66 0.67 0.66 0.02 

S40 40 0.90 0.92 0.95 0.95 0.97 0.98 1.09 0.97 0.19 
S38 41 5.20 5.23 5.23 5.11 5.11 5.08 5.16 5.16 0.15 

S46 41 0.95 0.95 0.94 0.95 0.95 0.94 0.99 0.95 0.05 
S52 41 0.82 0.81 0.78 0.79 0.80 0.80 0.81 0.80 0.03 
S45 42 3.50 3.52 3.52 3.51 3.53 3.57 3.62 3.54 0.11 

S47 42 3.10 3.08 2.93 2.83 2.75 2.72 2.67 2.87 0.43 
S53 43 1.22 1.23 1.24 1.26 1.27 1.27 1.26 1.25 0.06 
S32 44 2.92 2.89 2.81 2.75 2.74 2.79 2.73 2.80 0.19 

S50 58 1.41 1.38 1.37 1.36 1.35 1.62 1.44 1.42 0.27 
S44 59 5.18 5.19 5.26 5.28 5.39 5.44 5.41 5.31 0.26 
S18 60 5.47 5.40 5.25 5.18 5.00 5.07 5.80 5.31 0.79 

S23 60 1.42 1.43 1.42 1.43 1.40 1.40 1.41 1.41 0.03 
S36 60 7.08 7.02 7.18 7.26 7.35 7.39 7.42 7.24 0.40 

S29 61 5.09 5.22 5.25 5.28 5.26 5.33 5.52 5.28 0.43 
S4 64 2.66 2.65 2.71 2.79 2.78 2.81 2.86 2.75 0.21 
S10 64 3.16 3.15 3.14 3.13 3.14 3.08 3.13 3.13 0.09 

S43 64 1.68 1.01 1.01 1.01 1.01 1.03 1.02 1.11 0.67 
S3 66 1.84 1.87 1.85 1.84 1.85 1.88 1.87 1.86 0.04 
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Table H.10: Average EMG data for the left internal obliquus muscle (measured in % MVIC) for each participant (N = 28, CA = 20-25, n = 9; CA = 40-45; n = 9; 

CA = 60-65, n = 10) for all seven seated time epochs. Mean represents the average muscle activation across the 7 seated time epochs, while Range represents the 

absolute change in muscle activity (Max-Min) while seated.  

Subject # 
CA 

(years) 

Seated Epochs 
Mean 

(%MVIC) 

Range 

(%MVIC) 
1 

(%MVIC) 

2 

(%MVIC) 

3 

(%MVIC) 

4 

(%MVIC) 

5 

(%MVIC) 

6 

(%MVIC) 

7 

(%MVIC) 

S20 21 8.10 8.45 8.06 7.86 7.90 8.24 7.97 8.08 0.59 
S9 22 7.50 7.45 7.47 7.47 7.58 7.40 7.49 7.48 0.17 

S27 22 1.35 1.32 1.34 1.36 1.35 1.41 1.34 1.35 0.09 
S33 23 0.63 0.69 0.64 0.66 0.65 0.66 0.66 0.65 0.06 

S48 23 2.87 2.81 2.83 2.85 2.76 2.83 2.75 2.81 0.13 
S21 24 3.43 3.45 3.50 3.50 3.57 3.57 3.60 3.52 0.17 
S6 25 2.28 2.29 2.30 2.32 2.39 2.40 2.41 2.34 0.13 

S25 25 2.26 2.17 2.07 2.02 2.12 1.98 2.34 2.14 0.36 
S24 26 0.94 0.94 0.93 0.93 0.93 0.97 1.39 1.01 0.46 
S19 40 1.18 1.18 1.20 1.17 1.17 1.18 1.20 1.18 0.03 

S40 40 5.73 5.83 6.03 6.05 6.16 6.24 6.93 6.14 1.20 
S38 41 6.16 6.18 6.18 6.05 6.05 6.01 6.10 6.10 0.17 

S46 41 3.45 3.43 3.41 3.45 3.44 3.42 3.58 3.46 0.16 
S52 41 3.81 3.77 3.67 3.69 3.73 3.74 3.76 3.74 0.15 
S45 42 7.92 7.96 7.95 7.94 7.99 8.06 8.17 8.00 0.25 

S47 42 10.93 10.86 10.33 9.96 9.69 9.57 9.42 10.11 1.51 
S53 43 3.05 3.09 3.11 3.14 3.18 3.19 3.14 3.13 0.14 
S32 44 3.71 3.67 3.56 3.49 3.48 3.55 3.47 3.56 0.24 

S50 58 4.86 4.75 4.72 4.70 4.66 5.58 4.97 4.89 0.92 
S44 59 10.41 10.42 10.57 10.61 10.83 10.93 10.87 10.66 0.51 
S18 60 3.90 3.86 3.75 3.70 3.57 3.62 4.14 3.79 0.57 

S23 60 6.83 6.87 6.86 6.90 6.75 6.73 6.77 6.82 0.17 
S36 60 16.38 16.22 16.60 16.79 17.00 17.10 17.15 16.75 0.93 

S29 61 10.89 11.17 11.23 11.29 11.26 11.41 11.80 11.29 0.92 
S4 64 5.78 5.77 5.91 6.06 6.04 6.10 6.23 5.98 0.46 
S10 64 10.77 10.71 10.67 10.65 10.68 10.47 10.64 10.66 0.30 

S43 64 6.32 3.81 3.80 3.79 3.81 3.87 3.84 4.18 2.53 
S3 66 7.40 7.53 7.43 7.39 7.46 7.55 7.54 7.47 0.16 
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Appendix I 

Perceived Discomfort with Age 

While higher discomfort scores were expected for the older individuals, the population used in the current 

analysis presented a negative correlation which approached significance between age and perceived 

discomfort. 
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Figure I.1: Relationship between each age variable and perceived discomfort while sitting. The relationships 

were very similar between the two age classifications, both displaying a weak to moderate negative relationship 

that neared significance. 


