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Life expectancy is increasing, but with advanced age comes an elevated risk for 

sustaining a fall. Individuals with sarcopenia have been shown to fall more frequently, 

however the mechanism behind this remains unknown. The focus of this dissertation 

was to examine properties of muscle related to rapid volitional movement. Over the 

course of four experiments both age-related and sex effects were explored. 

Measurements were obtained through kinetic, kinematic, anthropometric, and clinical 

tests. A large focus was on knee extensor muscles due to their importance in activities 

of daily living, however arm movements during a handrail grasping task were also 

examined. Young adults were stronger and more powerful than older adults at 

maximum voluntary knee extension and these increased abilities were associated with 

larger rates of torque and velocity development. A major age-related difference was a 

decreased maximal velocity in the older adults relative to the young adults, which was 

observed in a knee extension task and center of mass velocity during a voluntary 

reactive task. Males were stronger, faster, and more powerful for nearly every metric 

examined, however, they were also on average taller, heavier, and leaner than the 

females. These anthropometric differences are key factors in the observed sex-related 



 

 

 

 

differences. Body composition analyses revealed that no older adult tested was 

classified as sarcopenic, however individuals with low grip-strength were shown to have 

proportionately lower muscle quality than their peers. Grip strength was significantly 

correlated to dual task Timed Up and Go time and several reactive movement metrics 

(e.g. total movement time, peak lateral centre of mass velocity, and total 3-dimensional 

movement) during a lateral handrail grasping task executed during forward walking. 

Collective results from this dissertation suggest that older individuals interested in 

reducing falls risk should consider participation in physical activities that not only 

promote strength gains but do so with high velocity movements. We also encourage 

future studies and clinicians to consider incorporating both grip strength and dual-task 

Timed Up and Go into their protocols as very simple measurements that could aid in the 

identification of individuals who may be at a greater risk for injurious falls. 
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1 Introduction & Thesis Objectives  

1.1 General Introduction  

The goal of this body of work was to characterize components of movement, 

strength, and body composition that could help us learn more about age-related 

changes to balance and mobility. There are more older people alive today than ever 

before thanks to advances in science and medicine (Roser et al., 2013). The shift now 

should be on a focus of keeping people living independently longer and on the 

maintenance of good health. It is estimated that 1 in 3 seniors fall each year, which 

costs Canadians over 2 billion dollars annually (Government of Canada, 2014). Since 

falls are the most common reason for injury hospitalizations in older adults (Injuries 

among Seniors | CIHI, 2019), it is necessary to learn more about the factors that lead to 

a fall, in order to intervene or prevent injuries from happening. The reasons that people 

fall are multifactorial; however, incorrect weight shifting has been demonstrated to be 

the most frequent cause of observed falls in assisted living facilities (Robinovitch et al., 

2013). The authors defined incorrect weight shifting as a self-induced shifting of 

bodyweight that caused the centre of mass to move beyond the base of support 

(Robinovitch et al., 2013). Individuals with sarcopenia have been shown to fall more 

frequently than individuals without sarcopenia; however, the reason for that remains 

unknown (Roubenoff, 2000). It could be related to strength, the rate of force generation, 

coordination, or numerous other factors or comorbidities. It is not possible to answer all 

of these questions with the current thesis and studied participants, rather, the goal of 

this work was to investigate age-related changes in some of these themes and to add to 
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the available literature. In order to respond to a destabilization, a change in support 

strategy is often required (Maki et al., 2003). As such, it is of interest to understand 

some of the mechanisms related to power production, the product of force and velocity, 

as it is necessary to respond with enough force and in a timely manner to counteract 

externally or internally generated perturbations to prevent a fall. A secondary objective 

was to examine sex-related differences in these same movement and composition 

parameters, as it has been shown that females account for a larger portion of injury 

hospitalizations than males in the senior age categories (Injuries among Seniors | CIHI, 

2019). 

 The first two experiments in this dissertation were focussed on basic 

mechanisms related to power production in the knee extensor muscles. The knee 

extensor muscles were chosen as their function is pertinent for so many activities of 

daily living like toileting, navigating stairs, and getting in and out of a vehicle. 

Experimental range of motion restriction was used to examine whether there would be a 

relationship observed between the contractile abilities of individuals and their capacity to 

achieve maximum power. Contractile abilities were inferred by rate of torque 

development which has been suggested to reflect muscle mass as well as fiber 

composition, since the cross-bridge cycling rates of type II muscle fibres are quicker 

than type I (Bottinelli et al., 1999). It was expected that rate of torque development 

would be associated with power and that individuals who had higher rates would not be 

as limited by the range of motion restriction. In the context of falls, this could reflect how 

someone could generate a reactive force in order to counteract a destabilization in a 

cluttered environment.  
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 Sarcopenia is a clinical issue that has become an urgent matter globally as 

people live longer lives (Cruz-Jentoft et al., 2019). This age-related diagnosis is based 

on the detection of reduced muscle mass, strength, and/or functional abilities and is 

linked to an increased risk for falls, morbidity, long hospital stays, and mortality 

(Antunes et al., 2017; Brown et al., 2016; Roubenoff, 2000; Schaap et al., 2018). We 

were interested to know what the prevalence of sarcopenia was in our cohort of older 

adult participants and to examine the age and sex-related changes to fat-free mass, 

strength, and power. Based on published literature which has found that sarcopenia 

increases falls-risk we set out to examine our data set to determine if similar, functional 

associations were observed between body composition and strength measures and a 

standardized, widely used clinical balance test, the Mini BESTest (Franchignoni et al., 

2010).  

The final experiment in this dissertation used internal perturbations to investigate 

age-related differences that could be associated with, or lead to, incorrect weight 

shifting. This experimental paradigm used reactive, but voluntary, handrail grasping; 

individuals were asked to shift their body weight laterally as quickly as possible during a 

forward walking task. We were interested in the mechanisms used to control these 

whole body lateral movements based on previous literature which has suggested that 

dynamic postural responses in the frontal plane are more difficult to compensate 

(McIntosh et al., 2017). In addition, lateral instability as well as hip abductor weakness 

have been related to falls incidence in community-dwelling older adults (Hilliard et al., 

2008; Inacio et al., 2014). Apart from the catch trials, which were non-cued forward 

walking, each trial required a reactive response to an auditory visual cue which alerted 
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participants to grasp a handrail. In order to examine timing delays related to planning, 

for half of the reactive trials participants were told in advance which direction they would 

be required to move when the cue occurred (though, they were still unaware of when 

that would happen). Lastly, correlation analyses were performed between the 

movement outcome measures from the reactive trials in Experiment 4 with the body 

composition and strength analysis metrics from Experiment 3, as the same participants 

completed both of these experimental trials. It was of interest to see whether body 

composition and strength were related to performance in the lateral weight shifting task.  

The objectives of this thesis are to provide new findings about age-related 

changes in strength, power, body composition, and movement control. A secondary 

goal was to investigate sex differences in the same metrics. In the context of this 

dissertation, the term “healthy” pertains to individuals that are free of neuromuscular 

disease and able to perform all activities of daily living independently. These scientific 

observations may be used in the future to inform the creation of novel exercise 

programing for older adults as well as clinical tests to be used in future research and 

clinical settings to help identify individuals who may be at a higher risk for falls. 

  

1.2 Thesis Overview 

This dissertation is comprised of four experiments with an additional two bridging 

chapters that link the first two experiments (Experiments 1 and 2) and last two 

experiments together (Experiments 3 and 4). While each experiment can be read 

individually, the bridging chapters are companion pieces that provide further analyses 
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and comparisons from the preceding chapters using data across the two experiments. 

The progression of the chapters follows the same order as the research objectives listed 

below in Section 1.3; Summary of Objectives & Hypotheses. Experiments 1 and 2 have 

a shared methodology with different participant groups. The methods section is identical 

in these two chapters in order to allow for chapters to be read out of order, but it is not 

necessary to read twice, apart from the participant characteristics. Experiment 1 

examines sex differences in power production during a reduced range of motion knee 

extension task in young adults. Experiment 2 investigates the impact that restricted 

range of motion has on the ability to produce power in older adults. The bridging chapter 

then compares the male participants from the young and older adult groups to analyze 

age-related changes to performance of the knee extension task. Experiments 3 and 4 

were collected in tandem and therefore included the same participants in both; this 

facilitated a comparison between the two experiments in the second bridging chapter. 

Experiment 3 focused on anthropometry, strength, and clinical mobility and balance 

measures in both young and older males and females, while Experiment 4 used whole 

body kinematic based measures and focused on centre of mass movements during a 

weight-shifting task while walking. The second bridging chapter then focused on the 

results from correlation analyses performed to examine whether the functional and body 

composition measures were related to the outcomes from the reactive trials of the 

weight-shifting task.  
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1.3 Summary of Objectives & Hypotheses 

1.3.1 Experiment 1 

 
Please note that while all other studies in this dissertation are focused on older adults 
and age-related characteristics of movement, this initial experiment only involves data 
from young adults. It was necessary to establish a methodology in young adults to be 
able to characterize the possible age-related changes. These comparative age 
differences will be examined in the first Bridging Chapter (Chapter 5). 

Objective 

The objective of this study was to ascertain whether maximally achieved power can be 

restricted by limiting range of motion. In addition, we were curious to see if time-

dependent neuromuscular measurements would dictate the ability of young adults to 

achieve maximum knee extensor power in a restricted range of motion. It was also of 

interest to examine potential sex differences for this task. 

Hypotheses 

i) Time dependent neuromuscular measures such as rate of torque development and 

rate of velocity development would be reduced when range of motion (ROM) is limited, 

thus decreasing the ability to produce maximum power.   

ii) Time dependent neuromuscular measures would be correlated with an individual’s 

ability to achieve maximum power at reduced ROM, thus individuals with higher rates 

could achieve larger powers in a smaller range.   

iii) Sex differences in the time dependent neuromuscular measures would be observed 

since males on average have larger reported maximum strength values than females  
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1.3.2 Experiment 2 

Objective  

The objective of this experiment was to examine whether internal or external range of 

motion limits the ability of healthy older adults to achieve maximum knee extensor 

power. It was of interest to determine whether time-dependent neuromuscular 

measures will help facilitate healthy older adults in achieving maximum power even 

when ROM is restricted.  

 

Hypotheses  

i) Similar to younger adults, time-dependent neuromuscular measures such as rate of 

torque development and rate of velocity development would be reduced when range of 

motion is limited, thus decreasing the ability to produce maximum power.   

ii) These time dependent neuromuscular measures would dictate an older adult’s ability 

to achieve maximum power at reduced range of motion, thus individuals with higher 

rates could achieve larger power values within a smaller range of motion.   

1.3.3 Bridging Chapter 1 

 
Objective 
 
To investigate age-related differences in the previous two experiments.  

Hypothesis 

 Age differences in the time dependent neuromuscular measures would be observed 
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since older adults are on average weaker and slower than young adults, however there 

would be no age by range of motion interaction effect. 

1.3.4 Experiment 3 

Objective  

To verify that there are age-related changes in body composition, power, and strength 

and to determine whether these variables are correlated. It is also of interest to examine 

sarcopenia prevalence and determine if body composition and strength are also 

correlated to a clinical measure of balance and mobility in older adults. 

Hypotheses  

i) Young adults will have more fat-free mass, strength, and power than older adults.  

ii) Males will have more fat-free mass and as a result have more strength and power 

iii) Grip strength, fat-free mass index, and 10x repeated sit-to-stand knee extensor 

power will all be positively correlated to each other.  

iv) Scores from the clinical balance/mobility test, Mini BESTest, will be positively 

correlated with each of the previously listed variables for the older adult group. 

1.3.5 Experiment 4 

Objective  

To evaluate balance control responses to reactive weight shifts (with and without prior 
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knowledge of the location of the shift) to grasp a handrail during forward walking and to 

investigate any sex and age-related differences in these responses. 

Hypotheses  

i) Young adults will complete the task quicker than the older adults. 

ii) There will be no sex-differences in any of the dependent variables. 

iii) Young adults will use similar control strategies for movement of their centre of mass 

(peak lateral COM velocity, time from cue to peak velocity, 3D path length, and total 

movement time) during trials with and without prior knowledge of the lateral change in 

travel direction, while older adults will have larger and slower movements of their COM 

during direction change trials without prior information about the new travel direction.  

1.3.6 Bridging Chapter 2 

Objective 

To investigate whether the strength, composition, and functional measures from 

Experiment 3 are correlated to the voluntary reactive movement metrics from 

Experiment 4. 

Hypothesis 

It is hypothesized that strength, body composition, and functional measures will all be 

related to positive performance metrics from Experiment 4 (higher: peak lateral COM 

velocity, and less: time from cue until peak lateral COM velocity and peak deltoid onset, 

trunk 3D path length, and total movement time). 
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1.4 Statement of Ethics 

All experiments conducted and presented in this thesis were completed in accordance 

with the ethical guidelines of the University of Guelph, with all experiments approved by 

the University of Guelph’s Research Ethics Board. 
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2 Review of the Literature 

2.1 Falls Research Justification 

2.1.1 Incidence, Cost, Projections 

Advances in science and medicine have been steadily increasing the longevity of 

people in Canada so that they are living longer than ever before. Life expectancy in 

Canada has gone up from 71 to 82 years of age since 1950 (Roser et al., 2013), which 

is an incredible commentary to medical innovation, however it also creates the reality 

that in 2026 the proportion of seniors in Canada is expected to exceed 20% of the total 

population (Statistics Canada, 1971-2010). This is the direction that we want to be 

moving in as a society, however advanced age often results in complex, multifactorial 

physical complications and their associated health costs. According to the Canadian 

Institute for Health Information (CIHI), in 2017-2018 falls accounted for 81% of all 

hospital visits involving injuries in individuals 65 years and older (CIHI, 2019). This 

culminated to more than half of all injury-related hospitalizations in Canada, a number 

which has increased by 9% over the three years between 2015-2018. One study that 

followed 336 community dwelling older adults (75+ years) for a year found that 32% fell 

at least once (Tinetti et al., 1988). The injury rate from falls is only between 3-7% (Berg, 

Tinetti), however, due to the high rate of falls in seniors this is still a tremendous 

problem not only for the suffering individuals, but also for the burden it places on the 

healthcare system. Of the more than 130 000 seniors hospitalized for injuries in 2017-

2018, 37% were male while 63% were female (CIHI, 2019). This proportion is heavily 

skewed, and when expressed by age bracket the gap between the injury rates for the 
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two sexes becomes even more interesting.  In the 65-84 year age range females 

accounted for 58% of the injury hospitalizations while the males made up 42% (CIHI, 

2019). This drastically changes in the oldest-old category of 85+ where females 

accounted for 70% of the injury hospitalizations (CIHI, 2019). A standard hospital stay in 

Ontario costs approximately $5460 according to statistics from CIHI (Cost of a Standard 

Hospital Stay · CIHI, 2017). Considering that many of the injuries sustained from falls 

(e.g. skull and hip fractures) can lead to comorbidities and the need for personal 

assistance, home care, or long-term care, it is easy to see how the costs associated 

with falls grow exponentially. From a social, healthcare, and financial point of view, it is 

imperative to study the mechanisms of falls so that we can learn more and try to prevent 

falls and/or the injuries that result from falls. To this end, an increased understanding of 

the etiology of falls is needed. It is well accepted that the causes for falls are certainly 

multifactorial, however, the risk factors can be generalized under three domains: 

individual, task, and environment (Shumway-Cook & Woollacott, 1995).  Each of these 

domains will be explored and framed in the context of the experiments that make up this 

dissertation. 

2.1.2 The Individual 

It is no wonder that falls risk increases with age given that there are so many 

intrinsic changes that occur over the life span. The way that humans coordinate 

movement is based on having accurate spatial awareness of oneself and the 

surrounding environment as well as having the ability to execute motor plans in 

response to our demands. Changes to sensory systems alter the ability to perceive our 
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environment as well as the locations of our body segments, while changes with our 

nervous and musculoskeletal systems alter our ability to effectively move our limbs 

(Lord et al., 2007). While the aforementioned factors will be further elaborated on, they 

are not the only intrinsic factors related to aging that increases falls risk. Polypharmacy 

(using 3 or more medications), fear of falling, and comorbidities also have all been 

linked to aging and have been associated with an increased risk for falls (Institute of 

Medicine (U.S.) et al., 1992). 

2.1.2.1 Age-related sensory changes 
 

Full body sensory changes have been observed with aging. While corrected 

vision is a common intervention that is necessary for people of all age groups, there are 

more specific degenerative visual disorders that are linked to age. Glaucoma, cataracts, 

diabetic retinopathy and macular degeneration are the most common causes of visual 

impairment with age world-wide (Flaxman et al., 2017; Horowitz, 2004). The visual field 

disruptions related to these conditions are rather different; glaucoma affects mainly 

peripheral vision while macular degeneration decreases central vision, however, they 

both have been shown to cause balance disruptions relative to age-matched controls 

(Popescu et al., 2011). Glaucoma and corneal opacity are more common in males, 

while diabetic neuropathy and cataracts are more common in females, however, no sex 

differences are present in the occurrence of macular degeneration (Flaxman et al., 

2017). Even in the absence of eye disorders, it has been demonstrated experimentally 

that during walking there are reductions in saccade frequency (rapid eye movement), 

amplitudes, and velocities with age (Dowiasch et al., 2015).  
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Hearing loss is a very common ailment among seniors. In a cohort of 2052 older 

adults aged 73-84 years, approximately 60% had hearing loss in frequencies associated 

with speech (Helzner et al., 2005). The Finnish Twin Study on Aging found that hearing 

loss was associated with decreased walking speed, increased postural sway, and 

decreased endurance (Viljanen et al., 2009). The National Health and Nutritional 

Examination Survey (NHANES) found that individuals with mild hearing loss had 3x 

greater odds for reporting a fall (Lin & Ferrucci, 2012). It has been hypothesized that 

balance changes related to hearing loss could be due to the requirement of more 

cognitive resources for listening, increased incidence of social isolation leading to a 

reduction in activities, and/or paralleled vestibular loss (Campos et al., 2018). In a 

cross-section of over 5000 American adults aged 40 and older, 35.4% were reported to 

have vestibular dysfunction after a standardized balance test, with the prevalence 

increasing per decade of life (Agrawal et al., 2009). Individuals with vestibular 

dysfunction who were clinically symptomatic also reported a higher rate of falls 

compared to individuals without vestibular dysfunction (Agrawal et al. 2009). While there 

are clear aging effects, there does not appear to be a reported sex difference in the 

prevalence in either hearing or vestibular changes at this time in the literature (Agrawal 

et al., 2009; Allen et al., 2016; Helzner et al., 2005). 

Somatosensory changes have also been reported to decline with age (Liu et al., 

2005; Shaffer & Harrison, 2007; Swash & Fox, 1972). Muscle spindles provide 

information about the length and the rate of change in muscle length during a 

contraction and contribute to joint position sense making them important for both 

voluntary and reflexive movements (Shaffer & Harrison, 2007). With advanced age 
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there has been shown to be an increase in spindle capsule thickness as well as a 

decrease in the sensory fibres within the spindle, which can lead to a decreased 

response to stretch (Swash & Fox, 1972). Decreases in all joint receptor types have 

been observed with increasing age as determined from samples of individuals 

undergoing shoulder surgery (Morisawa, 1998). As demonstrated through angle 

matching and movement sensation, older adults had increased variability and less 

accuracy relative to young adult control subjects (Madhavan & Shields, 2005). This 

study also proposed that older adults increase their magnitudes of co-contraction during 

activities as a mechanism to increase spindle sensitivity (Madhavan & Shields, 2005). 

Sex differences have been observed in age-related somatosensory changes, however, 

they are inconsistent. One study demonstrated a universal decline in accuracy of touch 

detection, kinesthesia, and haptic feedback with age, though the females were more 

accurate than males at kinesthesia (Dunn et al., 2015). Another study showed that older 

females declined in accuracy more frequently than the older males for a two point 

discrimination task (Kalisch et al., 2012). While there are many age-related sensory 

changes that may occur, it should be noted that research in this area suggests that 

these changes do not appear to affect everyone uniformly.  

2.1.2.2 Review of Muscle Properties 
 

It has been well established that the length, size, and architectural properties of 

muscle are related to the amount of force and velocity they are ultimately able to 

produce during a contraction (Fenn & Marsh, 1935; Gordon et al., 1966; Hill, 1938; 

Wilkie, 1950). The active force-length relationship is modelled with an inverted parabola 



 

 

16 

 

configuration; force is reduced to its minimum at extreme stretched and shortened 

positions and is optimized somewhere in between, where the maximum number of 

cross-bridges can be formed (Gordon et al., 1966; Huxley & Simmons, 1971). This 

relationship has been demonstrated from the level of the sarcomere (Gordon et al., 

1966) to the whole muscle (Zajac, 1989). Figure 12 from the Gordon, Huxley, and Julian 

paper from 1966 is a helpful graph to be consulted if unfamiliar with this relationship. 

Similar mechanisms determine the concentric force-velocity relationship. The 

largest active force is generated during an isometric contraction, with force decreasing 

the more rapidly that the muscle shortens – reflective of the limitations of cross-bridges 

being able to attach during the movement. This asymptotic relationship, which can be 

observed in the original publication by A.V. Hill from 1938, demonstrates that the fastest 

velocities produce the least amount of force and vice versa. 

Since most activities of daily living require us to produce force while moving, the 

variable power becomes important, as it is the product of force and velocity (or torque 

and angular velocity). Understandably, based on the force-length and force-velocity 

relationships previously mentioned, there is a trade-off that occurs between force and 

velocity to achieve a high level of power. 

Maximum voluntary isometric contractions (MVC) are stationary exertions often 

performed to provide information about the overall strength capabilities of a person 

about a joint of interest. MVC are typically used to anchor and normalize 

electromyography data to give context to the voltage that is measured by expressing it 

as a percentage of MVC. More recently the time dependent measure, rate of torque 
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development (RTD), has been popularized as a measurement proposed to be more 

sensitive to sports performance (Tillin et al., 2010) and neuromuscular changes than 

MVCs (Jenkins et al., 2014). The metric, the slope of a torque-time graph, is thought to 

be altered not only by muscle mass, but also by muscle fiber composition as the cross-

bridge cycling rates of type II muscle fibres are faster than type I (Bottinelli et al., 1999). 

While different researchers will use a variety of ranges for their RTD metric to suit 

specific research questions, it will be the peak slope of the torque-time graph that will be 

used in Experiments I and II of this dissertation as a reflection of the participants’ overall 

performance abilities. 

Lastly, the architecture of the muscle is fundamental to its functional properties. 

Sarcomeres laid in series allow for rapid velocity movements, as all sarcomeres can 

contract and shorten at the same time, thereby shortening the muscle more rapidly. 

Conversely, sarcomeres in parallel can achieve more forceful contractions, contributing 

to the physiological cross-sectional area (PCSA) of the muscle (Spector et al., 1980). 

The arrangement of sarcomeres in pennate muscles allows for a feature known as 

muscle gearing. Muscle gearing is the relationship between full muscle shortening 

velocity and muscle fibre shortening velocity. Fusiform muscles have the muscle fibres 

set up in series with the line of action, so as they shorten so does the full muscle, as 

such we would expect the gearing ratio to be ~1. Pennate muscles pack more muscle 

fibres in a smaller space since they are arranged at an angle that is oblique to the line of 

action (with more sarcomeres in parallel) which in turn results in more forceful 

contractions. As fibres shorten, they can rotate, creating an even larger pennation 

angle. The gearing occurs when this happens and the muscle fibres can shorten slower 
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than the muscle belly so that they increase the amount of force production during a 

contraction (Holt et al., 2016). This useful feature can be used to slightly modify and 

optimize the force-velocity relationship. All of these relationships are important to 

establish to understand the influence that certain age-related changes, which are 

discussed below, may have on overall function and performance.  

2.1.2.3 Age-related Muscle changes 
 

Sarcopenia is rapidly becoming a significant problem in both North America and 

abroad. To ensure knowledge translation between research scientists, physicians and 

other clinicians, the European Working Group on Sarcopenia in Older People 

(EWGSOP) has defined sarcopenia as having low muscle mass accompanied by a 

functional deficit (Cruz-Jentoft et al., 2010; Cruz-Jentoft et al., 2019). Functional deficits 

include a low gait velocity (<0.8 m/s), slow repeated sit-to-stand time (>15 s for 5x), or a 

low hand grip strength (<16 kg for women or <27 kg for men) (Cruz-Jentoft et al., 2019). 

The term “severely sarcopenic” has been used to describe an individual who had both 

deficits of grip strength and gait velocity, while a “pre-sarcopenic” individual had neither, 

yet their muscle mass was classified as low, specifically less than two standard 

deviations below a young adult mean (Cruz-Jentoft et al., 2010; Schutz et al., 2002). 

There are specific young adult reference populations that have been suggested by the 

EWGSOP to compare body composition metrics to depending on what kind of 

measurement device is used to determine body composition (Cruz-Jentoft et al., 2010, 

2019). The etiology of sarcopenia remains unknown, however, it is thought to be a 

combination of motor unit loss (Doherty et al., 1993), inflammation (Payette et al., 



 

 

19 

 

2003), and declines in mitochondrial biogenesis. The loss of muscle is not a linear 

relationship with a decrease in function and strength (Delmonico et al., 2009; 

Goodpaster et al., 2000; Janssen et al., 2002) which can be partially accounted for by 

some of the age-related changes discussed below. This loss of muscle and function has 

been linked to an increased falls risk for older adults, which is a major concern due to 

the physical, emotional, and socio-economic issues associated with falling (Roubenoff, 

2000; Schaap et al., 2018). Individuals with sarcopenia are also more likely to sustain 

injuries from a fall when compared to non-sarcopenic fallers (Woo & Kim, 2014). 

Architectural changes in muscle have been reported with age. One study compared 

a group of older individuals (70-81 years) with a young adult control group (27-42 years) 

who were chosen specifically due to similar body proportions and exercise habits, as 

determined by a lack of statistical difference in their Saint-Etienne Physical Activity 

Questionnaires scores (Narici et al., 2008). Using CT scans and ultrasonography to look 

at PCSA and fascicle length, respectively, the authors found that the older group had 

reduced muscle volume, pennation angle, PCSA,  and fascicle length in comparison to 

the young group (Narici et al., 2003). The results here suggest that older adults lose 

muscle both in series and in parallel, thus having reduced force as well as contraction 

velocity with age. The same study found a difference between anatomical cross-

sectional area (ACSA; total area from CT scans) and PCSA  (muscle volume divided by 

the fascicle length) (Narici et al., 2003), which can be explained by an increase in 

adipose tissue infiltration which is commonly observed with age (Goodpaster et al., 

2000). The accumulation of intramuscular fat has been proposed to decrease the 
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amount of force generated by potentially altering pennation angle and disrupting 

muscle’s interaction with the tendon aponeurosis (Rahemi et al., 2015). 

It is interesting to note that research demonstrates that young adults are proficient at 

altering muscle gearing ratios based on the amount of force they are required to 

produce while older adults are not. During a plantarflexion contraction, young adults 

were able to gear through a range of ~0.8-1.6 in their gastrocnemius, but older adults 

had a ratio around 1.2 for all contractions (Holt et al., 2016). Even if force is transferred 

from the muscle, because older tendons are generally more compliant, there could be a 

reduced rate of transmission of tensile force to the bone (Narici et al., 2008). Most of 

these studies have been performed on muscles in the legs since they are large, 

accessible pennate muscles and because leg muscles tend to show more rapid 

declines in strength with aging than upper limbs (Hughes et al., 2001). The number of 

motor units are also known to decline with age, mostly type II, though this may be 

directly linked to reduced use (Kadhiresan et al., 1996). For example, the motor unit 

count in the tibialis anterior of master’s runners was comparable to young adult controls, 

but was significantly higher than in age-matched controls (Power et al., 2010) . This 

relationship appears to be dependent on activation though, as the motor unit count of 

the biceps brachii, which is not commonly used in their sport, was not different from the 

age-matched controls; with both groups having less motor units than the young adults 

(Power et al., 2012). Females have been shown to have slower rates of decline in 

muscle mass (Drey et al., 2016) and arm strength (Hughes et al., 2001), however, they 

have also been shown to have similar decline in leg strength compared to males 

(Hughes et al., 2001). It should be noted, however, that on average females have less 
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absolute strength to begin with, therefore even with decreased rates of decline there 

could be functional implications for activities of daily living.  

2.1.3 The Task  
 

Until a highly impactful observational study (Robinovitch et al. 2013), it was believed 

that the majority of falls sustained by older adults were the result of a slip, trip, or 

stumble (Public Health Agency of Canada 2005). This pivotal study captured 227 falls 

from individuals in the public areas of two assisted-living facilities in British Columbia 

using several 2D cameras dispersed throughout the facilities (Robinovitch et al. 2013). 

After three researchers classified each fall, what they found was that the most falls were 

attributed to incorrect weight transfers, contradicting previous studies (Robinovitch et 

al., 2013). This could be any action that involves the individual’s centre of mass 

extending beyond their base of support in an uncontrolled manner. This discrepancy in 

falls literature was due to the fact that most studies were self-reported; older adults 

typically report a fall due to a stumble rather than admitting or remembering that they 

lost balance from a lack of control from their own self-driven movements. In addition, 

this study indicated that the activity at the time of fall that was observed the most 

frequently was forward walking (Robinovitch et al. 2013). Based on the nature of this 

study the data reflects information gathered from older adults in assisted-living facilities 

rather than community-dwelling. While this is a limitation, it still has proposed 

mechanisms that are unbiased to self-reported recall and are likely still applicable to 

age-matched community-dwelling individuals. Additionally, if changes can be observed 

in healthy community-dwelling individuals relative to young adults, it is likely that these 
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will be similar or even more prevalent in individuals residing in assisted-living facilities. 

Additional studies have related future falls risk to lateral instability (Maki et al. 1994) and 

low hip abductor strength (Hilliard et al. 2008). Foot placement in the frontal plane has 

been shown to be more regulated and dependent on sensory feedback than in the 

sagittal plane (Bauby and Kuo 2000), which makes it interesting that older adult fallers 

have been shown to have decreased muscle density (from CT scans) in the gluteus 

medius; a major contributor to hip abductor movements (Inacio et al. 2014). This was 

part of the rationale for the use of lateral movements in Experiment 4 of this 

dissertation, to challenge individuals’ balance responses in the frontal plane during 

over-ground forward walking.  

Past areas of research have been focused on standing balance (fixed support 

strategies) and the factors that relate to postural control. More recently, the focus has 

transitioned into more dynamic studies (change in support strategies), since no matter 

what causes the initial destabilization, it is the ability to react and adequately recover 

which is necessary to prevent a fall. External perturbations have commonly been used 

to destabilize individuals to examine their dynamic responses. Motion platforms 

(McIntosh et al., 2017), split belt treadmills (van den Bogaart et al., 2020), and waist 

pulls (Hilliard et al., 2008) are all means to achieve these responses, however they are 

difficult to perform during over ground walking due to equipment and space constraints. 

While external perturbations are irrefutably excellent at causing destabilizations that 

require rapid movements to recover, it was of interest in this thesis to examine internal 

perturbations that are caused from weight-shifting to mimic the most common cause for 

falls in older adults in assisted-living facilities (Robinovitch et al., 2013). This was part of 
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the reason why Experiment 4 was included in the current thesis. For that study, 

participants were asked to move laterally as quickly as possible to particularly challenge 

individuals in the frontal plane to examine age-related changes in movement abilities. 

Knee extension has been a major focus within this dissertation due to its role not 

only in rapid stepping responses but also during many activities of daily living (getting 

out of bed, toileting, getting in and out of cars). For this reason, maximal knee extension 

contractions were the movement of interest in Experiments 1 and 2 and the first bridging 

chapter. While clinical tests were not incorporated, knee extensor function plays a 

critical role in many activities of daily living. Knee extensor power was then inferred from 

a repeated sit to stand task in Experiment 3 to examine links between this clinical task 

and body composition and strength. 

The central nervous system (CNS) uses available information about the body’s 

position within the environment and previous experience to predict and react to each 

task. Reactive postural control is never purely reactive because the CNS is constantly 

receiving and utilizing information from vision, the vestibular system, and proprioception. 

It was of interest to investigate how individuals use preceding information to inform a 

reactionary task compared to receiving no information. When grasping for a handrail it 

has been demonstrated that both muscle activation and arm movement are modulated 

very rapidly based on the location of the person and their movement prior to reaching 

(Ghafouri et al., 2004). It has also been demonstrated that the timing of arm movements 

is faster in perturbed grasping tasks relative to voluntary handrail grasping (Weaver et 

al., 2012).  We were therefore interested to know whether there would be a difference in 
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the speed of voluntary movements if participants were provided with preceding 

information about the task (the direction they would be required to reach) and whether 

this difference would be amplified in older adult participants.  

2.1.4 The Environment 
 

The environment is an obvious factor to consider when examining falls risk. 

Cluttered environments, crowds, icy ground or slippery floors, area rugs, and low 

lighting are all hazards that could increase falls risk (Berg et al., 1992). Obstacles that 

are in the way of desired stepping responses force individuals to alter their movement 

strategies, which can be done by increasing swing duration, increasing anticipatory 

postural adjustments, and shifting the desired foot placement (Zettel et al., 2002). 

Because these rapid adaptations are required to maintain balance, it was of interest to 

examine how restricting a joint range of motion could affect one’s ability to perform 

movements at maximum velocity (Experiments 1 and 2). 

Handrails are common fixtures in our everyday environments and are necessitated 

by building codes. Proper usage allows an increase in base of support and can arrest 

momentum during a destabilization. Grasping a handrail has been demonstrated to be a 

very effective strategy at reducing falls in stairwells (Maki et al., 1998). As such, it was 

of interest for us to use handrails within our paradigm (Experiment 4) due to their 

ecological relevance as well as their effectiveness at providing stability should a 

participant require it when weight shifting.  
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 This dissertation will examine age-related changes in the ability to perform rapid 

volitional movements. First this will be examined in the knee extensor muscles through 

basic scientific laboratory testing then it will be explored through more clinical tasks. 

Finally, the use of internal perturbations during forward walking will be explored to 

investigate age-related changes that may account for why this scenario is so often the 

cause of falls in retirement residences. 
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3 Experiment 1: The influence of restricting range of motion 
on power production in young adults: what is the role of 
time-dependent measures? 

3.1  Abstract 

Power production during rapid maneuvers is based on the ability to generate torque and 

accelerate a load quickly. Mobility may be restricted by the environment which may then 

inhibit capacity to reach peak power. In this study we investigated how limiting range of 

motion (ROM) influences power production during maximal knee extension across a 

variety of isotonic loads. Twenty-four participants (12F, 23±3 years) completed a 

dynamic knee extension protocol with 36 maximal isotonic contractions. From a starting 

position of 80° of knee flexion, participants extended their leg as fast as possible against 

six randomized loads (unloaded, 10%, 20%, 30%, 40%, and 50% MVC) during three 

blocks of trials where their ROM was restricted (ROMs were 20°, 40°, or 60°). 

Electromyography was recorded from the vastus medialis. Significant correlations were 

observed for both rate of torque development (RTD) and rate of velocity development 

(RVD) with power. Sex differences were present; males had higher values than females 

for torque, velocity, power, RTD and RVD over a variety of loads and ROM. Power 

values were reduced when ROM was restricted for only the small ROM condition. Once 

participants could extend beyond 20° degrees, their power reached maximal values. 

Both RTD and RVD were correlated with power, however higher values were dependent 

upon ROM and sex. RTD was most highly correlated in males in the small ROM (r = 

0.677, p<0.05), while RVD was most highly correlated in females in the large ROM (r = 

0.665, p<0.05).  
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3.2  Introduction 

Structures, obstacles, and even humans in the travel path (Cinelli & Patla, 2008; 

Rio et al., 2014; Worden et al., 2016) will often require people to make timely decisions 

to avert their travel direction or complete a compensatory reaction to avoid a collision or 

fall. Similarly, in sports, athletes are often required to make rapid maneuvers when their 

range of motion is restricted by a defender; in these scenarios the ability to generate a 

powerful movement such as a kick, throw, or step may set apart elite from recreational 

athletes (Palmer et al., 2015).  As such, calculating maximal power, the optimal product 

of torque and angular velocity, is useful and more robust than solely measuring 

isometric strength in assessing performance. When measuring maximum power 

production, it is important to use multiple loads to ensure that the optimal relationship is 

achieved, as some individuals favour torque generation to achieve peak power while 

others who are not as strong may rely on faster velocities to achieve the same power.  

This can be observed following a dynamic lengthening protocol of the dorsiflexors 

where fatigued individuals are reduced in their strength generating abilities, and switch 

to lower loads to achieve peak power (Power et al., 2013).  
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Range of motion (ROM) can be limited by external environmental barriers, 

however there are also internal processes that could similarly limit mobility. The length 

of muscle fascicles can be chronically altered via aging (Narici et al., 2003; Power et al., 

2013), muscle damage (Guilhem et al., 2016), and even high heel usage (Csapo et al., 

2010), which could all affect shortening velocity as well as the ROM over which an 

individual could contract. Disuse atrophy and other joint and muscle injuries can lead to 

stiffness and  cause a reduction in joint range of motion (Bernthal et al., 2011).   

A recent study (Hahn et al., 2017) examined concentric strength at varying levels 

of acceleration during a knee extension task. To investigate different accelerations, the 

authors had to vary ROM of the movement. An interesting finding resulting from this 

study design was that the experimental conditions involved rapid accelerations and as a 

result the smallest ROM produced the largest concentric torques (Hahn et al., 2017).  It 

should be noted that while the accelerations varied, the velocity remained the same. 

The main outcome variable reported was torque values as the influence of acceleration 

and ROM on power was not of interest in this particular study (Hahn et al., 2017). In the 

present study, we were interested in expanding our knowledge in this area. To this end, 

we mechanically inhibited ROM during a dynamic knee extension task in healthy 

individuals to examine whether having altered ROM reduces power production by 

limiting the velocity that individuals could otherwise achieve.  

Time dependent neuromuscular measures such as rate of torque development 

(RTD) and acceleration (rate of velocity development; RVD), have been correlated with 

declines in power following a fatiguing protocol in young and older adults (Wallace et al., 
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2016).  These parameters reflect the contractile properties of the muscle and infer how 

rapidly cross-bridges are attaching and detaching to contribute to force (RTD) and how 

rapidly the muscle is shortening (RVD). An 8-week high-velocity eccentric resistance 

training study in a group of healthy males found a 28% increase in maximal voluntary 

isometric contractions (MVC) as well as a 30% increase in the early phase of the rate of 

force development (Oliveira et al., 2016).  This finding suggests that individuals who can 

generate torque more rapidly at an earlier phase of the contraction can produce a larger 

maximal power sooner, within a smaller ROM.  Results of a recent muscle fatiguing 

protocol also reported that decreases in RVD were significantly correlated with 

reductions in peak power (Wallace et al., 2016), possibly due to the shift of using a 

smaller load that has been shown to occur when temporarily weakened (Dalton et al., 

2014; Power et al., 2013). These results suggest that when weaker individuals are 

fatigued, they may rely more on RVD for power production and also that the power 

output produced by these individuals will be further reduced under ROM restrictions. 

Sex differences regarding muscle contractions have been inconsistent in the 

literature (Hunter, 2009).  The sex difference in RTD and strength during elbow flexion 

can be reduced by accounting for absolute strength and the rate of muscle activation, 

though previous work has reported a 14% difference that was still unexplained following 

this accommodation (Inglis et al., 2013).  Another study found that knee extensor 

properties in males and females were similar when normalized by MVC (Hannah et al., 

2012).  The males in this study had significantly thicker muscles than the females, which 

could explain why they were stronger and had larger rates of force development 

(Hannah et al., 2012).  Since these variables were not different between males and 
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females when normalized, it is possible that physiological sex differences are directly 

related to ‘strength’; if this is true, the inclusion of both sexes in the current study would 

therefore facilitate a wider distribution of absolute power values. 

The purpose of this study was to investigate how mechanically limiting ROM 

influences maximum power production during maximal velocity knee extensions.  It was 

hypothesized that time dependent neuromuscular measures such as RTD and RVD 

would be reduced when range of motion is limited, thus decreasing the ability to 

produce maximum power.  It was also hypothesized that the aforementioned time 

dependent neuromuscular measures would dictate an individual’s ability to achieve 

maximum power at reduced ranges of motion, thus individuals with higher rates could 

achieve larger power values in a smaller range.  Finally, it was hypothesized that sex 

differences in the absolute RTD would be observed since males are typically stronger 

than females (Hannah et al., 2012).  It is expected that when RTD is normalized by the 

MVC, any differences between the two sexes will be negated.  As stated previously, 

inclusion of both sexes in this study allows for a larger distribution of absolute power 

values which will enable us to examine if linear relationships exist between these 

isotonic strength metrics. 

 

3.3  Materials and Methods 

3.3.1 Participants  

The study participants included 12 healthy males (23 ± 4 years; 180 ± 9 cm; 82 ± 

10 kg) and 12 females (23 ± 2 years; 165 ± 4 cm; 61 ± 8 kg) recruited from the local 
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university population.  Participants provided written informed consent prior to testing 

and had no history of musculoskeletal or neuromuscular disorders or injuries to the test 

limb. The experimental protocol was approved by the local University ethics review 

board for experimentation on humans and conformed to the declaration of Helsinki. 

 

3.3.2 Experimental Arrangement 

A HUMAC NORM multi-joint dynamometer (CSMi Medical Solutions, Stoughton, 

MA) was used to obtain all torque, angular velocity, and angular position data in the 

isometric and isotonic modes. Participants were seated comfortably at a hip angle of 

~110º, with inelastic straps restraining their shoulders, hips, and their thigh to limit 

movement only to the knee extension task.  The participants’ left knee was aligned with 

the dynamometer’s axis of rotation and the dynamometer arm was attached with a 

padded strap superior to their malleoli. 

      

Figure 3.1: Experimental set-up of a participant’s left leg strapped into the 
dynamometer with the axis of rotation about the knee. 
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Surface electromyography (EMG) was collected from the vastus medialis muscle 

in a bipolar arrangement.  The skin above the muscle belly was shaved and cleaned 

with alcohol prior to the placement of two self-adhering Ag-AgCl surface electrodes 

(H59P Cloth Electrodes; Kendall, Mansfield, MA) using a 2 cm inter-electrode distance 

(center to center).  The ground electrode was placed over the patella.  The signals were 

amplified (Octal Bioamp) and sampled at 2000 Hz and digitized by a 16-bit analog-to-

digital system (PowerLab Data Acquisition Unit 16/35, AD Instruments, Bella Vista, New 

South Wales, Australia).  Participants’ maximum compound muscle action potential (M-

wave) of their vastus medialis and peak twitch (knee extension) torque was elicited 

through electrical stimulation.  A Digitimer DS7AH constant current stimulator (Digitimer 

Ltd., Welwyn Garden City, UK) was used to stimulate the femoral nerve (square wave 

1000 µs pulse at 400 V).  The stimulating electrodes were positioned with the anode 

(Cleartrace 1700-030 ECG Electrode, ConMed, Utica, New York, USA) placed over the 

inguinal triangle and the cathode (a custom-made aluminum electrode pad 6-8 cm width 

and 8-10 cm length wrapped in a damp paper towel covered in conductive gel (Spectra 

360 Electrode Gel, Parker Laboratories, Fairfield, NJ, USA)) inferior to the gluteal fold. 

The stimulus intensity was increased by 50 mA until a plateau in the M-wave and twitch 

torque were observed, current was further increased by ~15% to provide a 

supramaximal stimulus to ensure all motor axons were activated. 

 

3.3.3 Experimental Procedure 

All testing was performed with the participant’s left leg (non-dominant leg for all 

but three participants; 2M,1F).  Maximum voluntary isometric contractions (MVC) were 



 

 

33 

 

performed first with the knee extensors at 90º of flexion. Participants were asked to 

contract as hard and as a fast as they could for 3-5 seconds.  Participants were verbally 

encouraged and provided with real-time visual feedback from a computer monitor with 

the online torque trace. At least two MVCs were performed by each participant, with 

three minutes of rest in between each. MVCs were performed until there was less than 

a ~5% discrepancy between the maximal torque values achieved (most participants 

only required 2-3 attempts). Voluntary activation was assessed with the interpolated 

twitch technique where a superimposed twitch at the plateau of their contraction was 

compared with a resting twitch. To continue in the study, participants were required to 

achieve an MVC of at least 90% activation (Equation 1). 

 

Equation 1: Voluntary Activation = [1- interpolated twitch/resting twitch] x100% 

For the dynamic testing procedure, participants were asked to perform maximum 

velocity knee extension concentric contractions against programed dynamometer loads 

that were scaled by the participant’s MVC. Participants contracted against six different 

loads (unloaded, 10%, 20%, 30%, 40%, and 50% MVC; though it should be noted that 

even during the unloaded condition there was an inherent resistance in the 

dynamometer arm). The order of these loads was randomized within each subject, but 

presented in the same order during each ROM. The six different loads were used to 

achieve maximum power since there is a variability in how individuals achieve this. 

While only the values at maximum power will be examined in this study, these loads will 

be revisited in the bridging chapter (Chapter 5). Three different ROMs were used and 

presented in a random order as referenced to a straight leg of 180º: small (20º; 80-
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100º), medium (40º; 80-120º), and large (60º; 80-140º). For each of these contractions, 

the participant started with a knee angle of 80º then rapidly extended through the 

imposed ROM until the dynamometer arm met a hard stop. The leg was then passively 

returned to the starting position. The rationale for beginning at this angle was to try to 

ensure the peak of the isometric force-length curve was included in all contractions. The 

passive total ROM of the individuals was not measured, however, the ‘large’ ROM of 

60º was selected through pilot testing as a range that was achievable by all participants, 

even if their muscles had poor flexibility or their joints were stiff. Within a ROM block, 

participants were required to perform two maximum velocity knee extensions with each 

load which were all separated by 30 s, followed by a longer (7 minute) break between 

ROM changes to prevent fatigue. Following the dynamic protocol, a final MVC was 

obtained to determine whether fatigue was present at the conclusion of the study. 

 

3.3.4 Data Processing  

All data processing was performed using Spike2 (Version 6.00; Cambridge 

Design Ltd, Cambridge UK). Position, velocity, and torque were digitally lowpass filtered 

with an 8 Hz cut-off with a zero-phase lag Butterworth filter. Power was calculated as 

the product of torque and angular velocity at each time point during the contraction; and 

the obtained values were taken at the peak (of the larger value from each pair of loads). 

Maximum (max) power was defined as the contraction that resulted in the largest power 

within each ROM, regardless of load used (resulting in 3 maximum power values per 

participant). The contraction that resulted in maximum power was used in all the 

comparative analyses, while all of the other peak power values were only used in the 
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correlation analyses. RTD (N·m·s-1) and RVD (°·s-2) were calculated as the peak of the 

slope of a moving average window of 20 ms of the filtered torque and velocity over time 

curves, respectively (Wallace et al., 2016).   

 

Figure 3.3.2: Example of a representative tracing of a contraction recorded in Spike2 of 
one young male participant during a large range of motion with a 50% MVC load. The 
red vertical line was added to denote the moment of peak power where the torque, 
velocity, position, and power data were recorded. The red circles represent the peak 
RTD and RVD values prior to the peak power which was when those metrics were 
obtained. The x-axis is time in seconds, however, as this was from Spike, the numbers 
represent the total elapsed time in the testing session. 
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3.3.5 Statistical Analyses 

IBM SPSS Statistics Version 26 (Armonk, NY, USA) was used for statistical 

analyses of the data. A paired t-test was performed on the pre and post MVC peak 

torque values to identify whether there was an effect of fatigue from the protocol. 

Unpaired t-tests were performed on the RTD data to examine sex differences for 

absolute and normalized RTD values (normalized to the peak torque from the MVC). 

Next, two-way analysis of variance tests (ANOVAs) were conducted (sex × ROM) on 

maximum power, RTD and RVD, as well as angle, velocity, and torque; all at the instant 

of maximum power to examine the effect of mechanically limiting ROM. These ANOVAs 

were conducted as General Linear Models with repeated measures. The within factor 

variable was ROM while the between factor was sex. Standardized Pearson’s residuals 

were calculated for each dependent variable and had a mean of zero, a Shapiro-Wilk 

statistic above 0.8, and demonstrated equal variance. The assumption of equal variance 

of angle and velocity achieved at maximum power was not met due to experimental 

design – therefore these variables were then modelled with a logarithmic transform in a 

Generalized Linear Model. Fisher’s least significant difference (LSD) multiple 

comparisons were used where appropriate for all multivariable tests, and significance 

was based on a p-value of <0.05. To examine linear relationships between time 

dependent variables (RTD and RVD) and power Pearson’s correlations were performed 

separately for females and males as well as a cumulative value for all participants 

(“Total”). These correlations were conducted at maximum power (n = 72) as well as 

peak power (n = 432). The peak power values were then further separated into the 

different range of motions and sex specific correlations were performed (n =72).  
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The RTD values were normalized and expressed as a percentage of the 

participants’ MVC to examine whether sex differences would be present when 

accounting for strength. T-tests were conducted on absolute and normalized RTD 

across all ROM and loads comparing males and females (Table 3.2). 

Descriptive data are reported in the text, tables, and figures as means ± standard 

deviations. 

 

3.4  Results 

No effects of fatigue were observed, as there was no difference between the pre 

and post MVC values as indicated by a non-significant paired t-test (Figure 3.3, p > 

0.05). Additionally, the unpaired t-tests performed on the absolute and normalized RTD 

data to examine sex differences for peak torque from the MVC revealed that on 

average, MVCs for males were 44% larger than females (134 ± 36 N·m vs. 240 ± 56 

N·m) indicating the isotonic loads males had to move during the dynamic contractions 

were heavier. 
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Figure 3.3: Maximum voluntary isometric contractions (pre and post protocol) of the 
knee extensor muscles displayed by sex. The pre-protocol values are in the solid 
colours, while post-protocol are in the hatched bars. The male participants had 
significantly stronger contractions than the female participants, denoted by the asterisk. 
There were no differences between pre and post. Participants needed to achieve at 
least 90% voluntary activation for the MVC to count. 

 

3.4.1 Effect of mechanically limiting ROM at Maximum Power 

To examine the effect of mechanically limiting ROM during maximum power 

generation, we performed a two-way mixed ANOVA (sex x ROM) on the following 

dependent variables obtained at maximum power: power, velocity, torque, and angle as 

well as the peak of RTD and RVD that preceded maximum power. Two-way interactions 

were observed for power and RTD, however, they did not reflect any biological 

differences. The interaction effect occurred because females had a larger power value 

for the medium ROM than the large, while males had the reverse; however post-hoc t-

tests showed that the medium and large ROM conditions were not significantly different 
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for either sex. The same observation was true for RTD, therefore for both variables only 

the main effects will be reported and displayed in the figures below. 

 A significant main effect of sex was observed for all measures apart from angle 

and velocity; males had significantly larger power, torques, RTD, and RVD than females 

at the instant of maximum power (See Figure 3.4 – 7).  
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Figure 3.4: Maximum power achieved displayed by sex and range of motion. Main 
effects of range of motion (denoted by the †) and sex (connecting lines) were observed. 
The small range of motion had significantly lower power values than the medium and 
large ROM (F(2,23) = 133.78, p<0.05, ƒ=2.47). Males had higher maximum power values 

than females (F(1,11) = 36.17, p<0.05, ƒ=1.28). 
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Figure 3.5: Torque value at maximum power displayed by sex and range of motion. 
Main effects of range of motion (**and *) and sex (connecting lines) were observed. The 
torque achieved at the small ROM is significantly larger than the torque at both the 
medium and large ROM, while the * denotes that the medium ROM achieved larger 
torque values than the large ROM (F(2,23) = 50.79, p<0.05, ƒ=1.52). The connecting lines 

denote a sex effect; males had significantly larger torque values at maximum power 
than the female participants (F(1,11) = 38.56, p<0.05, ƒ=1.32). 
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Figure 3.6: Peak rate of velocity development during the contraction that elicited 
maximum power displayed by sex and range of motion. A main effect of range of motion 
was observed (†) such that the RVD value at the small ROM was significantly smaller 
than at medium or large ROM (F(2,23) = 7.65, p<0.05, ƒ=0.62). A main effect of sex was 

observed (denoted by the connecting lines); male participants achieved significantly 
larger RVD values than their female counterparts (F(1,11) = 5.22, p<0.05, ƒ=0.51). 
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Figure 3.7: Rate of torque development during the maximum power contractions 
displayed by sex and range of motion. A main effect of range of motion was observed 
(denoted by the **) such that the RTD at the small ROM was larger than both the 
medium and large ROM (F(2,23) = 18.57, p<0.05, ƒ=0.92).  A main effect of sex was also 

observed (denoted by the connecting lines); male participants had larger RTD values 
than the female participants (F(1,11) = 38.33, p<0.05, ƒ=1.32). 

 There was a significant main effect of ROM for velocity at maximum power. 

Specifically, we observed a graded response where the fastest velocities were at the 

largest ROM, followed by medium ROM then the smallest ROM, which were all 

significantly different. For power, torque, RTD and RVD, there was a main effect of 

ROM, however, post-hoc t-tests revealed that this was only for the small ROM. For RTD 

and torque, the largest values were achieved during the small ROM, while for power 

and RVD the smallest values were achieved at small ROM.  
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Figure 3.8: Velocity values at maximum power displayed by sex and range of motion. 
There was no sex effect. A range of motion effect was observed such that velocity 
values obtained during the large ROM were faster than both medium and small 
(denoted by **), and medium ROM values were faster than small (denoted by *; F(2,23) = 
120.2, p<0.05, ƒ=2.33).   

 

 During the contraction, the specific knee angle where maximum power occurred 

was graded for both males and females, similar to the velocity values. The angle that 

maximum power occurred at was largest in the large ROM, followed by medium, and 

small; all significantly different.  
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Figure 3.9: Angle where maximum power was achieved as displayed by sex and range 
of motion. A main effect of ROM was observed, specifically that the angle at the large 
ROM was larger than the angles at both medium and small ROM (denoted by **), the 
angle at medium was larger than the angle at the small ROM (denoted by *; F(2,23) = 
111.5, p<0.05, ƒ=2.36). The angles on the Y axis are presented to be able to observe 

where within the 20, 40, and 60˚ ranges of motion the maximum power occurred. It 
should be noted, however, that the starting point 0˚ is actually the knee beginning the 
trial at the biological 80˚ of flexion (with 180˚ being a straight leg). 

 

3.4.2 Examining the relationship between power and time-dependent measures: 
Correlation Analyses 

Recall that correlation analyses were performed between time dependent 

variables (RTD and RVD) and power, first separated by sex and then including all 

participants (“Total”). At maximum power, significant correlations (p < 0.05) were 

observed between power and both time-dependent neuromuscular measures (Table 

3.1). 
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Figure 3.10: The linear relationship of rate of torque development with maximum power 
(p<0.05). There are three values for every participant, one for each range of motion 
(denoted by the different shapes), resulting in 72 pairs.  
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Figure 3.11: The linear relationship of rate of velocity development with maximum 
power (p<0.05). There are three values for every participant, one for each range of 
motion (denoted by the different shapes), resulting in 72 pairs.  
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Table 3.1: Pearson correlation coefficients for time-dependent neuromuscular 
measures vs. power values at maximum and peak powers. The peak power values 
were then further broken down by range of motion. All relationships were linearly related 
with a significance value of (p < 0.05). The increased r value with the inclusion of both 
sexes is because of the larger spread of values as opposed to just an increase in the 
statistical power. 

Pearson’s 

Correlations 

Coefficients (r)  

RTD 

Females        Males        Total 

RVD 

     Females        Males         Total 

Maximum Power 
0.435 

(n = 36) 

0.363 

(n = 36) 

0.717 

(n = 72) 

0.462 

(n = 36) 

0.449 

(n = 36) 

0.561 

(n = 72) 

Peak Power 

(all contractions 

included) 

0.339 

(n = 214) 

0.463 

(n = 216) 

0.708 

(n = 430) 

0.516 

(n = 215) 

0.506 

(n = 215) 

0.559 

(n = 430) 

Peak Power Contractions Displayed by Range of Motion 

Small 
0.571 

(n = 71) 

0.677 

(n = 72) 

0.830 

(n = 143) 

0.384 

(n = 71) 

0.349 

(n = 71) 

0.469 

(n = 142) 

Medium 
0.330 

(n = 71) 

0.561 

(n = 72) 

0.757 

(n = 143) 

0.651 

(n = 72) 

0.482 

(n = 72) 

0.592 

(n = 144) 

Large 
0.364 

(n = 72) 

0.426 

(n = 72) 

0.704 

(n = 144) 

0.665 

(n = 72) 

0.552 

(n = 72) 

0.639 

(n = 144) 

 

When examining the relationships between all measures collapsed, it was evident that 

the strongest relationships were between RTD and power, both for maximum power and 

for all peak power values collapsed (r = 0.717 and r = 0.705, respectively, p < 0.05; 

Table 3.1). In females the strongest linear relationship was RVD vs. power (r = 0.516, p 
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< 0.05), however for males the strongest correlation was RTD vs. power (r =0.463, p < 

0.05; Table 3.1).  
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Figure 3.12: The linear relationship of rate of torque development with all peak power 
values (p<0.05). There are 18 values for every participant, one for each load (unloaded, 
10, 20, 30, 40, & 50% MVC) in every range of motion (small, medium, and large), 
resulting in 432 pairs.  
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Figure 3.13:The linear relationship of rate of velocity development with all peak power 
values (p<0.05). There are 18 values for every participant, one for each load (unloaded, 
10, 20, 30, 40, & 50% MVC) in every range of motion (small, medium, and large), 
resulting in 432 pairs.  

  

  To further examine the relationship between the time dependent measures and 

sex, we normalized RTD to % MVC across the different load and ROM conditions 

(Table 3.2). This analysis revealed that while sex differences were apparent across all 

ROM and load conditions for the absolute RTD measures, these differences were 

negated when the data were normalized to the maximum voluntary contraction values 

for each participant, inferring that overall strength accounted for the initial observed 

differences between males and females. 
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Table 3.2: Rate of Torque development absolute and normalized values (averages ± 
standard deviations) separated by load, ROM, and sex. T-tests were performed on the 
sex differences, and significant differences were displayed by a bolded and italic p-
value (p<0.05). It should be observed that there was a sex difference observed for all of 
the absolute values; males had larger rates than females. When RTD was normalized 
by the MVC, however, this sex difference disappears in every relationship.  

ROM Load 

Absolute Rate of 
 Torque Development (N·m/s)  

Normalized Rate of 
 Torque Development (%MVC/s) 

Female  Male  p-value Female Male p-value 

Large 
Maximum 

 Power 670 ± 184 1073 ± 225 <0.001 514 ± 124 458 ± 108 0.246 

Medium 
Maximum 

Power 652 ± 149 1205 ± 296 <0.001 498 ± 99 505 ± 77 0.847 

Small 
Maximum 

Power 743 ± 199 1377 ± 279 <0.001 560 ± 105 582 ± 84 0.580 

 

3.5  Discussion 

The purpose of this study was to mechanically restrict ROM to identify the role 

that time-dependent neuromuscular measures have on producing maximal power in 

limited circumstances.  Knee extension was the task chosen as it is essential for many 

activities of daily living including gait, stair ascent, and corrective balance responses.  

This task is also pertinent since knee osteoarthritis, of which a common symptom is 

reduced ROM, affects nearly 50% of all Canadians aged 65 and older (StatCan. 2009).  

Isotonic loads were chosen for their ecological relevance, as the objects we lift and 

move in our daily lives generally tend to maintain a constant mass.  Our findings 

demonstrate that we were able to reduce our participants’ ability to achieve maximum 

power, however this was only the case in the smallest ROM.  It appears the optimal 
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angle and amount of time taken to achieve maximum power was somewhere between 

the medium and large range, thus most participants were limited when only contracting 

over 20º but were no longer limited when they contracted between 40º and 60º.  

Similarly, participants’ torque-velocity-power relationships shifted to lighter loads for the 

larger ranges to achieve maximum power (these values are displayed in the Bridging 

Chapter 1; see Table 5.1). As expected, sex differences were observed throughout, 

however, when RTD was normalized to MVC (Table 3.2) these differences no longer 

existed, inferring that overall strength accounted for the observed differences.   

 

3.5.1 Rate of Torque Development 

RTD was the variable that was most linearly related to power (Figure 3.10, Figure 

3.12, Table 3.1).  The strong relationship between RTD and power was expected since 

individuals who could generate torque quickly could reach peak power sooner and did 

not require as large of a movement range.  This is supported by findings where a small 

ROM but a high acceleration resulted in larger torques than a larger ROM with a slower 

acceleration (Hahn et al., 2017). Interestingly, the strongest correlations between RTD 

and power, when broken down by ROM and sex, were present for the small ROM with 

the males.  The strong relationship between RTD and power leads us to the idea that 

with training RTD and subsequently torque properties could be changed.  A study by 

Oliveira et al. (2015) found that the early phase of rate of force development in knee 

extension in healthy males was increased after eight weeks of high-velocity resistance 

training.  Therefore, with training it might be possible to improve peak power in a small 

range. This application could be useful for athletics as well as health conditions that 
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result in restricted ranges of motion (e.g. osteoarthritis).  The current study suggests 

that the ability to generate torque rapidly, rather than an isometric MVC, could have 

more implications for functional tasks, which may especially be imperative in special 

populations.  

 

3.5.2 Rate of Velocity Development 

While the RTD is very important to overcome external forces to initiate or change 

movement, the ability to accelerate our limbs is also very important to make purposeful 

and rapid actions.  This should be considered especially for weaker individuals – 

whether this weakness be chronic or a result of an acute fatigue state.  With strength 

loss, it is possible to still generate powerful movements with rapid velocities because of 

the torque-velocity trade-off for power production. This trade-off is common with fatigue 

where weakness is present (Power et al., 2013); weaker participants switch to lighter 

loads to achieve peak power.  The females in the current study used lower relative 

loads than males to achieve maximum power, and these loads were even more reduced 

in the large ROM when they achieved higher velocities (these data are presented in the 

first Bridging Chapter in Table 5.1). The shift in the torque-velocity-power relationship is 

further supported by the finding that RVD and power correlations were the strongest in 

the females, and that velocity was scaled in a step-wise progression by the ROM.  

Wallace et al. (2016) showed a similar relationship such that a change in RVD was the 

most correlated measure with the change in power following a fatiguing protocol in both 

young and older adults.   
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3.6 Conclusions 

Sex differences were observed for every variable except velocity at maximum 

power, such that males had larger values than females for power, torque, and both 

time-dependent variables.  That said, these changes could be attributed to size and 

strength, more so than sex specific physiological differences; when RTD was 

normalized to the torque at MVC the sex-differences were negated. A study 

investigating sex differences in upper and lower limb muscle found that females were 

34% weaker than males during knee extension, which was accounted for by 25% less 

cross-sectional area than the males in the study (Miller et al., 1993).  These observed 

strength differences are comparable to the current study, where females were 45% 

weaker than their male counterparts.  Similarly, a study by Hannah et al. (2012) showed 

that when differences in MVC were accounted for; no sex differences were present in 

knee extension rate of force development (Hannah et al. 2012). Inglis et al. (2017) also 

observed a similar relationship when they examined RTD in the dorsiflexor muscles in 

males and females and found that MVC could account for the observed sex differences 

(Inglis et al., 2017). A lack of sex differences can be observed in the current work as 

well when the RTD differences were negated when normalized by MVC (Table 3.2). 

Range of motion restrictions were able to limit power; however only in the most 

limiting (20˚) condition. Time dependent neuromuscular measures are positively 

correlated with power and have important implications for dynamic function and 

performance. The variable RTD is most important to achieve peak power in a reduced 

ROM, and especially for stronger individuals. This would suggest that older adults may 
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have a comparably more difficult time trying to generate power in a restricted setting. 

This would have implications to discourage cluttered living environments, not only for 

their increased risk for tripping, but also for the potentially decreased space to execute a 

recovery step. Conversely, in larger ranges RVD appears to be more important, 

especially for weaker individuals to achieve maximum power.  Future studies should 

investigate whether training could influence these reactions and verify if similar 

relationships hold true for aging or pathological populations. 

 

 

 

 

 

 

 

 



 

 

53 

 

4 Experiment 2: Age-related changes followed restricted 
range of motion on power production in older adults: what 
is the role of time-dependent measures? 

4.1  Abstract 

Power, the product of force and velocity, is an important variable to examine as it is 

essential for activities of daily living which are not all isometric. To maintain balance and 

prevent a fall it is often necessary to make a rapid postural correction, however, these 

can be externally limited by our environments. This is particularly important in older 

adults who have both age-related changes to muscle and are at higher risk for falls. In 

this study we investigated how power production during maximum velocity knee 

extension was influenced by limiting range of motion (ROM) across a variety of isotonic 

loads. It was expected that rate of torque development (RTD) and rate of velocity 

development (RVD) would be positively related to the ability to produce power, even in 

a small ROM. Ten participants (8M, 80 ± 6 years) completed a dynamic knee extension 

protocol with 36 maximal isotonic contractions. From a starting position of 80° of knee 

flexion, participants extended their leg as fast as possible against six randomized loads 

(unloaded, 10%, 20%, 30%, 40%, and 50% MVC) during three blocks of trials where 

their ROM was restricted (ROMs were 20°, 40°, or 60°). Electromyography was 

recorded from the vastus medialis. While limiting ROM altered torque, angle, and 

velocity at maximum power, there were no changes to the absolute maximum power, 

RTD, or RVD between the three different ROM conditions. Both RTD and RVD were 

positively correlated with power, suggesting that measuring these variables may be 
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ecologically relevant and give information in addition to what an isometric contraction 

can provide. 

Keywords 

Power, Range of Motion, Rate of Torque Development, Rate of Velocity Development, 

Knee Extension, Aging 

4.2  Introduction 

A fall is often defined as any event that leads to a person unintentionally ending up 

on the ground. A fall can be dangerous at any age, but they become very concerning for 

older adults due to the increased frequency with age and the likelihood of serious injury 

(Injuries among Seniors | CIHI, 2019). Regardless of what causes the destabilization to 

occur, in order to recover, it is necessary to generate a rapid force to return the centre 

of mass to equilibrium within the base of support. The means to do this is often by one 

or many rapid corrective steps (Maki et al., 2003; McIntosh et al., 2017). Power, the 

product of force and velocity, is important to consider since in the context of the fall 

recovery as it combines the notion of generating a lot of force but in a time sensitive 

manner thus bringing in the velocity variable. That said, environments can sometimes 

be cluttered and restrict an individual’s ability to respond in an optimal way. For 

example, a person who tripped over a curb but then might be limited in where they 

could quickly place their foot because of a pothole or another obstacle. In addition to 

external restrictions to range of motion there are common age-related changes like 

stiffness that could internally limit joint range of motion. Knee osteoarthritis is a common 

age-related ailment that can lead to range of motion changes pre and post-operatively 
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as the result of joint immobilization, soft-tissue fibrosis, and capsular lesions (Núñez et 

al., 2009). 

Rate of torque development (RTD) and rate of velocity development (RVD) are 

time dependent neuromuscular measures that are thought to infer how rapidly cross-

bridges are attaching and detaching to contribute to force (RTD) and how rapidly the 

muscle is shortening (RVD). These metrics can be influenced by changes in 

neuromuscular activation (Aagaard et al., 2002), muscle fibre type switching (Bottinelli 

et al., 1999), fatigue (Wallace et al., 2016), and training (Aagaard et al., 2002; Oliveira 

et al., 2016). RTD values from movements about the knee and ankle have been shown 

to be larger in a group of older adults who were able to recover from a trip perturbation 

compared to those who were not able to recover and required a harness to catch them 

(Pijnappels et al., 2008). 

The task of knee extension has been chosen due to its importance in activities of 

daily living. Not only are the knee extensors required for getting in and out of cars and 

toileting, but they are one of the main muscle groups required for rapid stepping 

responses. Knee extensor weakness and reduced power have been linked to poor 

recovery responses in lean to release perturbations (Carty et al., 2012). One study 

showed that middle-aged and older adults lost 10-15% of their knee extensor strength 

over a ten year study period (Hughes et al., 2001). 

Musculoskeletal age-related changes include reduced muscle volume (Narici et 

al., 2003), reductions in pennate angle and muscle gearing (Azizi et al., 2008; Holt et 

al., 2016), decreased fibre length (Narici et al., 2003), more intramuscular fat infiltration 
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(Goodpaster et al., 2000), a shift to more type I muscle fibres (Kadhiresan et al., 1996), 

and increased tendon compliance (Narici et al., 2008). All of these properties are closely 

linked to muscle function and can result in decrements to strength and velocity, and as 

a result to power. It is our objective to examine the ability of older adults to produce a 

maximum power knee extension within a restricted range of motion. It is hypothesized 

that individuals that have high RTD will still be able to achieve a high level of power 

even in a reduced ROM. 

 

4.3  Materials and Methods 

4.3.1 Participants 

Ten older adult participants (8M/2F, 79.6 ± 5.9 years, 1.8 ± 0.1 m, 75.4 ± 15.0kg) were 

recruited from the Village by the Arboretum retirement community as well as the larger 

Guelph population and gave written informed consent to participate in this study. In 

order to participate, individuals had to be at least 65 years old and able to complete all 

activities of daily living independently. Exclusion criteria were any injury to the test limb 

within the last 5 years, the presence of a degenerative neuromuscular disorder (e.g. 

Parkinson’s Disease), diabetes, diagnosed vestibular issues, or the required use of a 

walking aid. A phone screening was performed prior to coming into the lab to ensure 

that each participant met the eligibility criteria. This protocol was approved by the 

Research Ethics Board at the University of Guelph. 
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Table 4.1:  Participant characteristics displayed as means ± standard deviation (range). 

Sex Age Height (m) Weight(kg) BMI (kg/m2) 

8M, 2F  
79.6 ± 5.9 
(72 - 88) 

1.77 ± 0.13 
(1.52 – 1.91) 

75.4 ± 15.0  
(45.5 – 94.3) 

23.6 ± 1.9 
 (19.6 – 26.3) 

 

*Please note that sections 4.3.2 - 4.3.4 are identical to sections 3.3.2 - 3.3.4 and 

therefore do not have to be read twice. Section 4.3.5 is slightly different as sex 

effects were not examined due to a lack of older female participants.* 

4.3.2 Experimental Arrangement 

A HUMAC NORM multi-joint dynamometer (CSMi Medical Solutions, Stoughton, 

MA) was used to obtain all torque, angular velocity, and position data in the isometric 

and isotonic modes. Participants were seated comfortably at a hip angle of ~110º, with 

inelastic straps restraining their shoulders, hips, and their thigh to limit movement only 

to the knee extension task.  The participants’ left knee was aligned with the 

dynamometer’s axis of rotation and the dynamometer arm was attached with a padded 

strap superior to their malleoli.  

Surface electromyography (EMG) was collected from the vastus medialis muscle 

in a bipolar arrangement. This muscle was used because it provided the most 

consistent signal in pilot testing and because it was the closest muscle to the amplifier 

there was less wire movement and electrical noise during the kicks. The skin above the 

muscle belly was shaved and cleaned with alcohol prior to the placement of two self-

adhering Ag-AgCl surface electrodes (H59P Cloth Electrodes; Kendall, Mansfield, MA) 

using a 2 cm inter-electrode distance (center to center).  The ground electrode was 
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placed over the patella.  The signals were amplified (Octal Bioamp) and sampled at 

2000 Hz and digitized by a 16-bit analog-to-digital system (PowerLab Data Acquisition 

Unit 16/35, AD Instruments, Bella Vista, New South Wales, Australia).  Participants’ 

maximum compound muscle action potential (M-wave) of their vastus medialis and 

peak twitch (knee extension) torque was elicited through electrical stimulation.  A 

Digitimer DS7AH constant current stimulator (Digitimer Ltd., Welwyn Garden City, UK) 

was used to stimulate the femoral nerve (square wave 1000 µs pulse at 400 V).  The 

stimulating electrodes were positioned with the anode (Cleartrace 1700-030 ECG 

Electrode, ConMed, Utica, New York, USA) placed over the inguinal triangle and the 

cathode (a custom-made aluminum electrode pad 6-8 cm width and 8-10 cm length 

wrapped in a damp paper towel covered in conductive gel (Spectra 360 Electrode Gel, 

Parker Laboratories, Fairfield, NJ, USA) inferior to the gluteal fold. The stimulus 

intensity was increased by 50 mA until a plateau in the M-wave and twitch torque were 

observed, current was further increased by ~15% to provide a supramaximal stimulus to 

ensure all motor axons were activated. 

4.3.3 Experimental Procedure 

All testing was performed with the participant’s left leg, regardless of leg 

dominance due to the experimental set-up and the need for the participants to visually 

observe their real-time output.  Maximum voluntary isometric contractions (MVC) were 

performed first with the knee extensors at 90º of flexion. Participants were asked to 

contract as hard as a fast as they could for 3-5 seconds. Participants were verbally 

encouraged and provided with real-time visual feedback from a computer monitor with 

the online torque trace. At least two MVCs were performed by each participant, with 
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three minutes of rest in between each. MVCs were performed until there was less than 

a ~5% discrepancy between the maximal torque values achieved (most participants 

only required 2-3 attempts). Voluntary activation was assessed with the interpolated 

twitch technique where a superimposed twitch at the plateau of their contraction was 

compared with a resting twitch (Voluntary Activation = [1- interpolated twitch/resting 

twitch] x100%). To continue in the study, participants were required to achieve an MVC 

of at least 90% activation. 

For the dynamic testing procedure participants were asked to perform maximum 

velocity knee extension concentric contractions against programed dynamometer loads 

that were scaled by the participant’s MVC. Participants contracted against six different 

loads (unloaded, 10%, 20%, 30%, 40%, and 50% MVC; though it should be noted that 

even during the unloaded condition there was an inherent resistance in the 

dynamometer arm). These loads were randomized within each subject, but presented in 

the same order during each ROM. Three different ROMs were used and presented in a 

random order as referenced to a straight leg of 180º: small (20º; 80-100º), medium (40º; 

80-120º), and large (60º; 80-140º). For each of these contractions, the participant 

started with a knee angle of 80º then rapidly extended through the imposed ROM until 

the dynamometer arm met a hard stop. The leg was then passively returned to the 

starting position. The passive total ROM of the individuals was not measured, however, 

the ‘large’ ROM of 60º was selected through pilot prior to Experiment 1 as a range that 

was achievable by all participants and was retained to allow for direct comparisons. 

Within a ROM block, participants were required to perform two rapid knee extensions 

with each load which were all separated by 30 s, followed by a longer (7 minute) break 
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between ranges of motion to prevent fatigue effects. Following the dynamic protocol, a 

final MVC was obtained to determine whether fatigue was present at the conclusion of 

the study. 

4.3.4 Data Processing  

All data processing took place in Spike2 (Version 6.00; Cambridge Design Ltd, 

Cambridge UK). Position, velocity, and torque were digitally lowpass filtered with an 8 

Hz cut-off with a zero-phase lag Butterworth filter. Power was calculated as the product 

of torque and angular velocity; and the values obtained were taken at peak power. The 

contraction that resulted in the largest power value (from each pair of loads) was 

recorded as peak power and used in some of the correlation results. Maximum (max) 

power was defined as the contraction that resulted in the largest power within each 

ROM, regardless of load used (resulting in 3 maximum power values per participant). 

The contraction that resulted in maximum power was used in all the comparative 

analyses. RTD (N·m·s-1) and RVD (°·s-2) were calculated as the peak of the slope of a 

moving average window of 20 ms of the filtered torque and velocity over time curves, 

respectively (Wallace et al., 2016).   

4.3.5 Statistical Analyses 

IBM SPSS Statistics Version 26 (Armonk, NY, USA) was used for statistical 

analyses of the data. A paired t-test was performed on the pre and post MVC peak 

torque values to identify whether there was an effect of fatigue from the protocol. Next, 

a one-way repeated measures analysis of variance test (ANOVAs) was conducted 

using the within-factor ROM on maximum power, RTD and RVD, as well as angle, 
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velocity, torque at the moment of maximum power to examine the effect of mechanically 

limiting ROM. The ANOVA was conducted as General Linear Models. Standardized 

Pearson’s residuals were calculated for each dependent variable and had a mean of 

zero, a Shapiro-Wilk statistic above 0.8, and demonstrated equal variance. The 

assumption of equal variance of angle and velocity achieved at maximum power was 

not met due to experimental design – therefore these variables were modelled with a 

logarithmic transform as a Generalized Linear Model. LSD multiple comparisons were 

used to examine the differences between each ROM, and significance was based on a 

p-value of <0.05. To examine linear relationships between time dependent variables 

(RTD and RVD) and power Pearson’s correlations were performed. These correlations 

were conducted at maximum power (n = 30) as well as peak power (n = 180). 

Correlations were also examined for each range of motion using the peak power values 

(n = 60). Descriptive data are reported in the text, tables, and figures as means ± 

standard deviations. 

4.4  Results 

4.4.1 Effect of mechanically limiting ROM at Maximum Power 

Mechanically limiting range of motion altered the maximum power achieved by 

the participants such that there was a reduction in power in the small ROM (see Figure 

4.1). Torque at maximum power was larger in the small ROM than in the medium and 

large ROM (Figure 4.2) and as a trade-off velocity at maximum power was slower in the 

small ROM relative to the other two conditions (Figure 4.3). There was a ROM effect 

observed for RTD such that the small ROM resulted in larger values than the other two 

ROM (Figure 4.4), but there were no ROM differences for the RVD (Figure 4.5). The 
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angle at which maximum power occurred displayed a graded response with the large 

ROM having the highest values, followed by the medium, then small ROM; each 

significantly different from each other (Figure 4.6). 
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Figure 4.1: Maximum power displayed by range of motion. There was a main effect of 
ROM (denoted by †); the small range of motion had lower power values than the 
medium and large ROM (F(2,9) = 7.41, p<0.05, ƒ=1.03).   
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Figure 4.2: Torque values achieved at maximum power displayed by range of motion. A 
main effect of ROM (denoted by *) was observed such that torque at the small ROM 
was significantly larger than torque achieved at the medium and large ROM (F(2,9) = 
14.74, p<0.05, ƒ=1.45).   
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Figure 4.3: Velocity values obtained at maximum power displayed by range of motion. 
A main effect of ROM (denoted by the †) was observed such that velocity values at the 
small ROM were significantly slower than at the medium or large ROM (F(2,9) = 31.54, 
p<0.05, ƒ=2.12).   
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Figure 4.4: Rate of velocity development values displayed by range of motion. No 
significant differences were observed between the values when stratified by ROM. 
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Figure 4.5: Rate of torque development displayed by range of motion. There was a 
main effect of ROM observed (denoted by the *); RTD in the small ROM condition was 
larger than in the medium and small ROMs (F(2,9) = 8.96, p<0.05, ƒ=1.13).   
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Figure 4.6: Angle where maximum power occurred as displayed by range of motion. 
There was a main effect observed such that the angle for the large ROM was higher 
than the medium and small ROMs (denoted by the **), while the angle for the medium 
ROM was also bigger than the angle of the small ROM (denoted by *;F(2,9) = 16.86, 
p<0.05, ƒ=1.55). The angles are presented on a small scale to allow for the comparison 

between the 20, 40, and 60˚ ranges of motion but it should be noted that the starting 
point 0˚ is actually the knee beginning the trial at 80˚ of flexion (with 180˚ being a 
straight leg). 
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4.4.2 Examining the relationship between power and time-dependent measures: 
Correlation Analyses 

Strong linear relationships were observed between power and the time-dependent 

measures RTD and RVD. While all correlations were statistically significant, RVD was 

more linearly related to maximum power than RTD, however this relationship flips when 

including the peak power values using all loads. 

Table 4.2: Pearson correlation coefficients for time-dependent neuromuscular 
measures vs. power values at maximum and peak powers. The peak power values 
were then further broken down by range of motion. All relationships were linearly related 
with a significance value of (p < 0.05).  

Pearson’s 

Correlations 

Coefficients (r)  

Rate of Torque 

Development 

Rate of Velocity 

Development 

Maximum Power 
0.718 

(n = 30) 

0.723 

(n = 30) 

Peak Power 

(all contractions 

included) 

0.760 

(n = 178) 

0.665 

(n = 178) 

Peak Power Displayed by Range of Motion 

Small 
0.841 

(n = 60) 

0.622 

(n = 60) 

Medium 
0.778 

(n = 58) 

0.709 

(n = 58) 

Large 
0.759 

(n = 60) 

0.678 

(n = 60) 
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Figure 4.7: Older adult rate of torque development versus maximum power. 
Participants had a maximum power value at each ROM (displayed by the different 
shapes) resulting in n = 30. 
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Figure 4.8: Older adult rate of velocity development versus maximum power. 
Participants had a maximum power value at each ROM (displayed by the different 
shapes) resulting in n = 30. 



 

 

67 

 

0 100 200 300 400

0

500

1000

1500

Peak Power (W)

R
a

te
 o

f 
T

o
rq

u
e

D
e
v
e
lo

p
m

e
n

t 
(N

m

/s
) Small

Medium

Large

r = 0.760

 

Figure 4.9: Older adult rate of torque development versus peak power. Participants had 
a peak power for every load (10, 20, 30, 40, and 50% MVC as well as an unloaded 
dynamometer arm) at each ROM (displayed by different shapes) resulting in an n = 178 
following the removal of two outliers. 
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Figure 4.10: Older adult rate of velocity development versus peak power. Participants 
had a peak power for every load (10, 20, 30, 40, and 50% MVC as well as an unloaded 
dynamometer arm) at each ROM (displayed by different shapes) resulting in an n = 178 
following the removal of two outliers. 
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4.5  Discussion 

Maximum power production was significantly altered by range of motion, however, 

only in the small range of motion. While torque at maximum power was the largest in 

the small ROM, the velocity was the lowest which resulted in a trade-off for maximum 

power. The only change that was graded to the ROM conditions was the angle at which 

maximum power occurred. The fact that this angle changed with the ROM settings 

suggests that there were no internal ROM limitations in the older adult participants. It 

was interesting that while the angle at maximum power significantly increased for each 

level of ROM there was no corresponding change in velocity at maximum power, 

however, this may be explained by the variability of each metric. There was a large 

range of velocity values achieved, however the angle was externally restricted to be 

within a maximum range of 60˚.  

The RTD value was highest in the small ROM, but there was no change in the 

RVD values over each range of motion. This suggests that the peak values occurred 

fairly immediately and within the first 20˚ of movement. While this might seem early, 

muscle fascicles have been observed to shorten with age, which in turn could shift the 

whole muscle’s force-length relationship slightly (Narici et al., 2003). Even without 

observing changes of RVD values between ROMs, a notable positive linear relationship 

with power was demonstrated. The correlations between power, RTD, and RVD indicate 

that the individuals who had the most rapid responses were ultimately the most powerful 

in the group. 
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A limitation to this study is that there were only two older females. Experiment 1 

demonstrated that males and females had similar responses, however the female 

values were scaled based on weaker strength values. This does not mean that there 

would not be age-related sex differences for the same metrics, however, we do not 

have the means to do this comparison. 

4.5.1 Conclusions 

Despite a lack of range of motion effect beyond the small ROM on most variables, a 

clear linear relationship exists between the time dependent neuromuscular measures 

and power. This suggests that individuals with high RTD and RVD were still able to 

achieve maximum power even within limited movements of only 20˚.  
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5 Bridging Experiments 1 and 2 – Is there an age effect? 

In Experiment 1 it was determined that there was a sex effect when examining 

factors related to performance of a maximal knee extension task. Male participants were 

stronger and produced more powerful knee extensions – however, there was no 

difference from the females in terms of their velocity used to achieve maximum power. 

This suggests that the mechanism by which males are more powerful is related entirely 

to their absolute strength – and as such it is likely related to their larger muscle 

physiological cross-sectional areas and moment arms. Because Experiment 2 used the 

same methodology as Experiment 1, it is of interest to explore age effects. 

Unfortunately, we cannot also explore sex effects as there were not enough older 

female participants involved in the study to allow for statistical comparisons. For this 

reason, female data will be omitted for all direct (ANOVA) comparisons. The data from 

the young and older females will be used, however, for linear correlation analyses. 

Results from Experiment 1 suggest that the sex effects observed were due to biological 

differences in overall strength. While this suggests that only comparing males could still 

demonstrate an age effect, it is not assuming that there would be no age by sex 

interaction – it just simply is not testable with the current data set. The objective of this 

bridging chapter is to investigate age-related differences in achieving maximum power 

during restricted ranges of motion and to examine the linear relationships with time-

dependent measures. It is hypothesized that young males will be stronger than their 

older counterparts and that the correlations will be improved with the inclusion of both 

young and older adults because of the larger range of values that will be achieved. 
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5.1 Materials and Methods 

5.1.1 Participants 

Data from the twelve younger male participants from Experiment 1 (23 ± 4 years; 180 ± 

9 cm; 82 ± 10 kg) and eight older male participants from Experiment 2 (80 ± 7 years; 

179 ± 6 cm; 77 ± 10 kg) were included in this comparative analysis.  

5.1.2 Experimental Set-up and Procedure 

All experimental set-up and procedures are written in detail in the preceding Sections 

3.3 and 4.3. The only additional data analysis performed was to obtain the absolute 

maximum achievable velocity to compare abilities between groups. This will be 

elaborated upon in section 5.2.3 as statistics would not be appropriate due to a small 

sample size in the older female group, however, biological significance will be 

discussed. New statistical comparisons examining age effects (outlined below) were 

made using the data from the two previous studies. 
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Figure 5.1: Comparative representative data traces for an older male (left) and a 
younger male (right) during a large range of motion contraction with a 50% MVC load. 
Due to the difficulty of moving the largest load, neither participant was able to contract 
through the full 60˚ range for these kicks. The x-axis represents time in seconds; 
however, the traces were taken directly from Spike2, and therefore the numbers reflect 
the total elapsed time of the experiment. The y-axes are different in order to amplify the 
peaks, otherwise the older adult values would be difficult to see since many of the 
young males’ values are nearly twice as large. Please note that the shaded area does 
not represent anything specifically but rather was a remnant from the analysis program. 
 

5.1.3 Statistical analyses 

IBM SPSS Statistics Version 26 (Armonk, NY, USA) was used for statistical 

analyses of the data. An independent t-test was performed on the MVC values to 

identify general strength differences between the young and older participants. Next, 
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two-way analysis of variance tests (ANOVAs) were conducted (age x ROM) using 

repeated measures General Linear Models. The dependent variables that were 

examined included maximum power, RTD and RVD, as well as angle, velocity, torque at 

the moment of maximum power. Standardized Pearson’s residuals were calculated for 

every dependent variable and each had a mean of zero and a Shapiro-Wilk statistic 

above 0.8. The assumption of equal variance was met for all variables with the 

exception of angle and velocity achieved at maximum power. It was concluded that this 

was due to our experimental design which limited the spread of values for the small 

ROM (restricted to 20˚). As such, these two variables were modelled with a logarithmic 

transform in a Generalized Linear Model. LSD multiple comparisons were used to 

examine possible interaction effects in addition to main effect differences between each 

ROM and both age groups with significance based on a p-value of <0.05. 

To examine linear relationships between time dependent variables (RTD and 

RVD) and power, Pearson’s correlations were performed using GraphPad Prism 

(Version 8, San Diego, USA). To examine the linearity of these relationships, data from 

the female participants in Experiments 1 and 2 were included. The rationale for this 

decision was as follows: since the females had smaller power values, their addition 

would allow for a larger spread of data which could in turn either magnify or diminish the 

linear relationship. These correlations were conducted at maximum power (n = 102). As 

you may recall, it was demonstrated in the earlier experiments that the small ROM was 

the condition that demonstrated the most statistical differences in all the obtained 

dependent variables. It was of interest to examine this finding to a greater extent; 

therefore, correlations were calculated using the peak power values for just the small 
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ROM condition with all of the loads used by every participant (n = 202). Descriptive data 

are reported in the text, tables, and figures as means ± standard deviations.  

5.2 Results 

There was one age by sex interaction effect for the variable power. While young 

males increased their power over each increasing ROM, the older adults marginally 

decreased in power at largest ROM. Post-hoc t-tests between these the ROM changes 

within age groups were not significantly different; therefore, the main effects of each 

condition will be further explored.  

Main effects of age were present for every variable apart from the angle at which 

maximum power occurred. On average, younger males were significantly stronger than 

older males at knee extension as demonstrated by their nearly doubled MVC (240 vs 

129 Nꞏm; Figure 5.2). The protocol loads were based on percentages of this MVC, so 

every participant was moving relatively the same weight, however, the young adults 

were moving larger absolute weights during the same actions.  
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Figure 5.2: Maximum voluntary isometric contractions of the knee extensor muscles 
displayed by age. The younger participants had significantly stronger contractions than 
the older participants, denoted by the asterisk. 

 

A significant age effect for maximum power was observed; younger males had larger 

values than older adults (Figure 5.3). Range of motion was observed to influence the 

ability to achieve maximum power, with values in the small ROM being significantly less 

than values achieved at the medium or large ROM (Figure 5.3). 
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Figure 5.3: Maximum power achieved displayed by age and range of motion. A main 
effect of ROM (denoted by †) was observed such that the small range of motion had 
smaller values than medium and large (F(2,19) = 47.76, p<0.05, ƒ=1.73). An age effect 
(denoted by the connecting lines) was observed demonstrating that young adults had 
higher maximum power values than the older adults (F(1,7) = 32.51, p<0.05, ƒ=1.42). It 
should be noted that there was an interaction effect such that in the large ROM the 
young adults had a larger power value than in the medium ROM while the reverse was 
true for the older adults, however, neither group showed a statistically significant 
difference between the medium and large values (F(5,59) = 14.32, p<0.05, ƒ=0.945). 

 

There were both age and ROM effects for the torque at maximum power variable. 

Younger males had larger torques, and there was a scaled ROM response; the torque 

at the small ROM was larger than the medium ROM which in turn was larger than the 

large ROM (Figure 5.4).  
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Figure 5.4: Torque value at maximum power displayed by age and range of motion. 
Main effects of range of motion and age were observed. The ** denotes that the torque 
at the small ROM is significantly larger than the torque at both the medium and large 
ROM, while the * denotes that the medium ROM achieved larger values than the large 
ROM (F(2,19) = 27.65, p<0.05, ƒ=1.31). The connecting lines denote an age main effect; 
younger males had significantly larger torque values at maximum power than the older 
male participants (F(1,7) = 36.60, p<0.05, ƒ=1.51).   

 

A main effect of age was observed such that younger males had faster velocities at 

maximum power than their older counterparts. This response was also scaled by ROM, 

as expected, with the quickest velocities occurring at the large ROM, followed by the 

medium, then small ROM; all were significantly different from each other (Figure 5.5). 
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Figure 5.5: Velocity values at maximum power displayed by age and range of motion. A 
range of motion effect was observed such that velocity values obtained during the large 
ROM were faster than both medium and small (denoted by **), and medium ROM 
values were faster than small (denoted by *; F(2,19) = 58.10, p<0.05, ƒ=1.91). A main 
effect of age was observed (denoted by the connecting lines) such that younger males 
had faster velocities at maximum power than older males (F(1,7) = 10.26, p<0.05, 
ƒ=0.80).   
 

For the time dependent neuromuscular measurements we observed age effects for both 

RTD and RVD such that young males had larger values than the older males (Figure 5.6 

and Figure 5.7). There was also a ROM effect observed for RTD; the values achieved at 

the small ROM were larger than those in the medium and large ROMs (Figure 5.6). 
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Figure 5.6: Rate of torque development at maximum power displayed by age and range 
of motion. A main effect of range of motion was observed such that the RTD at the 
small ROM was larger than both the medium and large ROM (denoted by the **) and 
the medium RTD was larger than the small (*;F(2,19) = 21.54, p<0.05, ƒ= 1.16).). A main 
effect of age was observed (denoted by the connecting lines) such that younger male 
participants had larger RTD values than the older male participants (F(1,7) = 29.30, 
p<0.05, ƒ=1.35).   
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Figure 5.7: Rate of velocity development during maximum power displayed by age and 
range of motion. A main effect of age (denoted by the connecting lines) revealed that 
younger male participants achieved significantly larger RVD values than their older male 
counterparts (F(1,7) = 4.87, p<0.05, ƒ=0.55).   

 



 

 

80 

 

Lastly, angle at maximum power was susceptible to a scaled main effect of ROM with 

the large ROM having the greatest angle at maximum power, followed by the medium 

then small ROMs (Figure 5.8). 
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Figure 5.8: Angle where maximum power was achieved as displayed by age and range 
of motion. A main effect of ROM was observed such that the angle at the large ROM 
was higher than the angles at both medium and small ROM (denoted by **), the angle 
at medium ROM was higher than during the small ROM (denoted by *(F(2,19) = 61.45, 
p<0.05, ƒ=1.96). The angles are presented on a small scale to allow for the comparison 
between the 20, 40, and 60˚ ranges of motion but it should be noted that the starting 
point 0˚ is actually the knee beginning the trial at 80˚ of flexion (with 180˚ being a 
straight leg). 

 

By restricting the ROM we were able to limit participants’ abilities to achieve maximum 

power, as demonstrated by the small ROM having the lowest values (Figure 5.3). In our 

examination of these data, it became clear that participants who had the steepest 

change between the restricted ranges were often the most powerful individuals. We 

thought it would be interesting to report this individual performance and have illustrated 

this relationship in (Figure 5.9). 
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Figure 5.9: Participant traces outlining individual values for maximum power achieved 
at each ROM. The larger the positive slope of the lines, the more individuals were able 
to utilize the increased range of motion to increase their maximal power production. 

 

As previously mentioned, the values above have been reported at the contraction that 

elicited the participant’s maximum power during each range of motion. The loads used 

to achieve maximum power are reported in Table 5.1. While no statistics have been 

conducted on these data, it can be observed that at the large ROM at least 50% of 

individuals in each group achieved maximum power with the unloaded dynamometer– 

indicating that they are relying on the velocity component to produce their maximum 

power. 
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Table 5.1: Summary of the loads used to achieve maximum power in each range of 
motion as displayed by sex and age. Each number represents a participant, with the 
percentage of individuals in that group who used that particular load for maximum 
power in brackets. It can be observed that the largest range in loads used to achieve 
maximum power was in the small ROM. 

Participants ROM Unloaded 10% MVC 20% MVC 30% MVC 40% MVC 50% MVC 

Female 
Young 
Adults 
(n=12) 

Small 2 (16.7%) 2 (16.7%) 5 (41.6%) 3 (25%) 0 0 

Medium 8 (66.7%) 3 (25%) 1 (8.3%) 0 0 0 

Large 8 (66.7%) 3 (25%) 0 0 1 (8.3%) 0 

Male 
Young 
Adults  
(n= 12) 

Small 1 (8.3%) 1 (8.3%) 2 (16.7%) 3 (25%) 3 (25%) 2 (16.7%) 

Medium 5 (41.6%) 2 (16.7%) 3 (25%) 1 (8.3%) 1 (8.3%) 0 

Large 7 (58.3%) 1 (8.3%) 2 (16.7%) 0 2 (16.7%) 0 

Female 
Older  
Adults  
(n =2) 

Small 2 (100%) 0 0 0 0 0 

Medium 2 (100%) 0 0 0 0 0 

Large 2 (100%) 0 0 0 0 0 

Male  
Older  
Adults 
(n =8) 

Small 5 (62.5%) 0 1 (12.5%) 1 (12.5%) 1 (12.5%) 0 

Medium 6 (75%) 1 (12.5%) 0 1 (12.5%) 0 0 

Large 4 (50%) 2 (25%) 2 (25%) 0 0 0 
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5.2.1 Correlation Analyses 

Recall that for the correlation analyses data from both the young and older 

females were included to provide a broader sample size (unlike in previous ANOVAs 

which omitted female data due to low sample size). By including these individuals in the 

correlation analyses, it allowed for a larger range of values in the x-axes, knowing that 

in Experiment 1, the females had smaller power values than the males. It was of interest 

to observe whether there would be a corresponding linear relationship with the time-

dependent measures.  

With the inclusion of older adults in the correlational analyses the relationship 

between maximum power and RTD became slightly more linear (recall r in Experiment 1 

= 0.717 [Figure 3.10] → 0.789 [Figure 5.10]). A similar increase in linearity was 

observed for the RVD data with the addition of the older adults (recall r in Experiment 1 

= 0.561  [Figure 3.11] → 0.624 [Figure 5.11]). It should be noted, however, that the RVD 

value at maximum power was actually higher when only including the older adults (r= 

0.723 [Figure 4.8 from Experiment 2]).  
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Figure 5.10: Linear relationship of rate of torque development by maximum power 
values of both young and older adults. The Pearson’s correlation value was r = 0.789 
and p<0.05.  
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Figure 5.11: Linear relationship of rate of velocity development by maximum power 
values of both young and older adults. The Pearson’s correlation value was r = 0.624 
and p<0.05. 
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5.2.2 What is happening at the small ROM? 

We chose to examine the small ROM more closely as it was the experimental 

condition where some interesting observations were noted, i.e. the torque was the 

largest, while both the velocity and power were the lowest. When examining the 

correlations between peak power (recall this included all loads within the small ROM) 

and RVD the linear relationship was significant but not as highly correlated as when all 

ROMs were included (see Figure 5.12). When we look at RTD, however, there is a very 

linear relationship (r =0.867; Figure 5.13) which suggests that with high RTD values it is 

still possible to retain a high maximum power value even within a heavily restricted 

ROM.  

 

Table 5.2: Pearson’s correlation coefficients for peak power values achieved at the 
small ROM (all p<0.05). Each participant had 6 peak power values for each load used 
(unloaded, 10, 20, 30, 40, & 50% MVC). One data point was removed from both the 
young females and young males due to outliers, resulting in n=71 for each.  

Pearson r  
RVD small ROM 

Young Females Young Males Older Females Older Males Cumulative Total 

RVD r value 
(p value) 

0.384 
(p =0.001) 

0.349 
(p= 0.003) 

0.637 
(p=0.026) 

0.591 
(p<0.0001) 

0.579 
(p<0.0001) 

RTD r value 
(p value) 

0.571 
(p<0.0001) 

0.677 
(p<0.0001) 

0.803 
(p=0.002) 

0.759 
(p<0.0001) 

0.867 
(p<0.0001) 

Number of XY Pairs  71 71 12 48 202  
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Figure 5.12: Correlation of rate of velocity development by all peak power values for 
each participant only during the small range of motion. The cumulative Pearson’s 
correlation coefficient was r = 0.579 (p < 0.05). 
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Figure 5.13: Correlation of rate of torque development by all peak power values for 
each participant at the small range of motion. The cumulative Pearson’s correlation 
coefficient was r = 0.867 (p < 0.05). 
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5.2.3 Overall Velocity Restriction 

To examine the quickest velocity that each participant could achieve, the 

absolute maximum velocity obtained during the participant’s fastest contraction was 

determined. It is important to distinguish that this was taken at the moment of peak 

velocity, unlike the previously reported values that were taken at the time of peak 

power. This always occurred with the unloaded dynamometer arm, and predominantly 

at the large ROM (only one older male participant had maximum occur in the medium 

ROM and it was less than 8 ˚/s faster than their unloaded/Large ROM condition). While 

running statistics would not be valid with only two data points for the older females, 

Figure 5.14 demonstrates functionally significant differences between each of the groups 

tested (Winter & Rogers, 1992). The average maximum velocities were 233˚/s in older 

females, 285˚/s in older males, 317 ˚/s in young females, and 359 ˚/s in young males. 

200

300

400

500

Participants

P
e
a
k
 V

e
lo

c
it

y
 U

n
lo

a
d

e
d

 a
t 

L
a

rg
e

 R
O

M
 (

d
e

g
/s

) Older Adult Females

Older Adult Males

Young Adult Females

Young Adult Males

 

Figure 5.14: Absolute maximum velocity obtained from the quickest trial for each 
participant. Values were taken at the time of peak velocity rather than peak power as 
reported in the other velocity metrics. For all participants this occurred with the unloaded 
dynamometer arm. Circles represent each participant’s individual maximum velocity 
values. 
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5.3 Discussion 

The objective of these studies was to examine the impact that restricting range of 

motion would have on power production. Maximum power was only reduced in the small 

ROM condition, while the power in the medium and large ROMs were not significantly 

different. Participants were able to increase their velocity at maximum power as the 

ROMs got larger, however there was a main effect of age where the young adults were 

consistently faster. This age-related limited ability to achieve a high shortening velocity 

is likely due to a decrease in muscle fascicle lengths with age (Narici et al., 2003) as 

well as limited muscle gearing abilities (Holt et al., 2016). To determine whether this 

was the case, however, we would have had to measure fascicle and fibre lengths using 

ultrasonography. Power is a trade-off between velocity and force, and it appears that 

young adults were better at optimizing this relationship. Many young adults switched the 

loads that they were using to achieve maximum power based on the range of motion 

limitations (Table 5.1). This was not the case for the older adults who often used the 

unloaded dynamometer arm to achieve maximum power even in the small ROM (all 

older females, ≥ 50% older males). This infers that the older adults were more reliant on 

velocity to achieve maximum power even though they were generally slower than the 

younger adults. This could speak towards an overall decrease in strength which is 

common with age (Hughes et al., 2001). Weaker individuals have a tendency to rely on 

smaller loads to achieve maximum power, similar to what happens in a fatigued or 

damaged state (Power et al., 2013). 
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Recall, these loads were normalized to MVC – so while the young adults were 

moving larger absolute loads, everyone was moving similar relative loads. The inability 

for the older adults to achieve power values as high as the young adults could, in part, 

be due to muscle gearing changes with age (Azizi et al., 2008; Holt et al., 2016). Since 

the quadriceps are pennate muscles, it is possible that the young adults have larger 

angles of pennation, packed with more bulging muscle volume, and therefore can 

optimize their force-velocity relationship through muscle gearing. Muscle gearing is the 

process of being able to modify the shortening of the muscle fascicles at a different rate 

than the whole muscle. Young adults have been shown to be able to adjust this ratio 

based on the magnitude of the load they are moving (Azizi et al., 2008). 

The reduced strength and RTD with age could also be associated with a shifting 

towards a higher prevalence of slower and weaker type I muscle fibres than type II 

fibres (Kadhiresan et al., 1996). Cross-bridge cycling is slower in type I fibres, which 

could decrease the resulting RTD (Bottinelli et al., 1999). It is also possible that the 

reduction in rapid force generation is related to a more compliant tendon which would 

not respond to loading as rapidly as a younger and stiffer tendon could (Narici et al., 

2008). 

The positive linear relationships between power and the time dependent measures 

was improved with the addition of both age groups. When examining the linear 

relationships at the small ROM, the condition that showed a decrease in maximum 

power, the correlation coefficient between maximum power and RTD was 0.867. While 

still restricted in power production, individuals with high RTD abilities were still able to 
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achieve very powerful responses in an externally constricted environment. This rapid 

force generating ability has implications for improved athletic performance and may help 

with falls recovery in cluttered environments. 

While every variable apart from angle at maximum power was larger in the young 

adult group when compared to the older adults, the most notable difference was in the 

velocity values. While the male older adult values were very comparable to the young 

adult female values from Experiment 1 in nearly every other metric, their velocity slowed 

down considerably; while there was no difference in velocity at maximum power values 

between the sexes in the young adults. This demonstrates that not all the age - 

responses can be accounted for simply because there is a reduction in MVC, but rather 

that the velocity component is also limiting, unlike in the young females. This can further 

be observed in the maximum achievable velocities (Figure 5.14) which demonstrates 

changes between the age groups and sexes. The smallest difference between groups 

(older males and young females) was 32 ˚/s which is biologically significant given that 

changes of less than 2˚ in knee angle have been shown to affect toe clearance by as 

much as half a centimeter during walking (Winter & Rogers, 1992). 

We have demonstrated prominent age-related strength, velocity, and therefore 

power changes in the knee extensors. While expected, these degradations may have 

functional implications for rapid responses to prevent falls. While exercise is frequently 

promoted to combat age-related changes in strength, the results presented here 

demonstrate a need to consider what types of exercises individuals should do to 

preserve not only strength but also function; which means a focus on retaining velocity.  
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6 Experiment 3: Examining correlations between muscle 
mass, strength, and power in young and older adults. 
Investigating age-related changes and sarcopenia 
prevalence.  

6.1  Abstract 

Age-related body composition and strength changes have become a more notable 

health issue over the last few decades. The etiology is still not fully understood, and the 

incidence is dependent on the classification system used, however, a widely acceptable 

framework has been developed by the European Working Group on Sarcopenia in 

Older People (EWGSOP). The objective of the current study was to examine age-

related differences in body composition, strength, gait speed, and power, as well as to 

examine if these variables are correlated. Older participants also underwent a clinical 

balance test, the Mini BESTest, to investigate if there were associations between their 

balance performance and their body composition, strength, and power metrics. 

Seventeen young adults (9F/8M, 24 ± 3 years) and sixteen older adults (8F/8M, 77 ± 3 

years) participated in this study. EWGSOP sarcopenia classifications were applied to 

data acquired from the older adults. This analysis revealed that even in rather healthy 

and active older adult participant group there were still 5 out of 16 individuals who had 

low grip strength values (4 F; 1M). Interestingly, the only age-related change observed 

was that young adults had a faster gait velocity than older adults. Sex effects were 

noted in grip strength, fat-free mass index, and knee extensor power demonstrating that 

males were stronger, leaner, and more powerful. Positive correlations were observed 

between all of the measured values; however, these were only significant with the 

inclusion of all of the participants (young, older, male and female). A negative 
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correlation was observed between grip-strength and the amount of time taken to 

complete a dual-task Timed Up and Go Task in the older adults (conducted as a 

component of Mini BESTest). When grip strength was normalized to total body fat-free 

mass, the individuals who were already classified as having low absolute strength were 

shown to have lower proportional strength relative to other participants in their cohort. 

These findings support previous literature that indicates that individuals with muscle 

weakness are at higher risk for falls and fall-related injuries.  

 

Keywords 

Aging, Strength, Body Composition, Sit-to-Stand, Power, Mini BESTest 

6.2  Introduction 

The aging population is growing at a staggering rate as people are living longer 

than ever before. In Canada, the life expectancy has been increased by 11 years since 

1950 (Roser et al., 2013). While this speaks highly to advances in medical science, 

there are still many health complications that come with increased age. One of these is 

sarcopenia, which is age-related muscle loss and strength deficits that is unrelated to a 

diseased state. Sarcopenia has unfortunately been linked to an increased falls risk, 

morbidity, longer hospitalizations, and mortality (Antunes et al., 2017; Brown et al., 

2016; Roubenoff, 2000; Schaap et al., 2018). To assist with the diagnosis of this 

condition, the European Working Group on Sarcopenia in Older People (EWGSOP) 

established a guideline on the clinical definition of sarcopenia in 2010 which was more 

recently modified in 2019 (Cruz-Jentoft et al., 2010, 2019). This group of physicians, 
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scientists, and related health professionals proposed specific cut-off values for grip 

strength (<27 kg for males, <16 kg for females) and knee extensor strength as inferred 

by a repeated sit-to-stand task (>15 s for 5 repetitions) which can be used by clinicians 

to flag individuals to undergo further testing (Cruz-Jentoft et al., 2019). If a senior’s 

measured strength falls below the cut-off values, that individual can complete a body 

composition analysis to confirm the sarcopenia diagnosis; that is, if their muscle mass 

falls below two standard deviations of the mean of a young and healthy population 

(Gould et al., 2014; Schutz et al., 2002; Studenski et al., 2014). Individuals can then be 

further classified as having severe sarcopenia if they obtain a poor score on a functional 

walking task (e.g. gait velocity, or clinical assessments such as the Short Physical 

Performance Battery, the 400 m Walk Test, or the Timed Up and Go). These criteria 

have been adapted from the previous diagnostic criteria which began with the body 

composition measurement followed by a confirmation of the classification with a deficit 

in either strength or gait velocity. It is interesting to note that the global prevalence of 

sarcopenia has been extremely variable and has been reported to be anywhere from 

9.9-40.4% of older adults (Mayhew et al., 2019). A previous study from our group found 

an even lower prevalence of 6% in our study population of 85 community-dwelling older 

participants in the city of Guelph, Ontario (McIntosh et al., 2013). The large range of 

reported prevalence is due to the different demographics of the individuals tested (age, 

community dwelling vs. assisted living, comorbidities) as well as the different models 

and reference populations used. 

Cognitive impairment has been shown to be more prevalent in individuals with 

sarcopenia than in non-sarcopenic individuals (Chang et al., 2016). A significant 
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association between cognitive decline (impaired verbal fluency) and low grip strength 

has been demonstrated in a group of 731 older participants (C.-Y. Huang et al., 2016). 

The cognitive demand of walking while performing functional tasks increases with age 

(Fraser et al., 2016), and therefore dual-tasking is a concern for falls risk and even more 

so in weak individuals who are more prone to sustaining injuries with a fall (Lloyd et al., 

2009).  

The Mini Balance Evaluations Systems Test (Mini BESTest) is a well-known 

clinical balance metric with high validity and reliability (Franchignoni et al., 2010). It has 

been used in rehabilitation programs to monitor improvements in balance and has been 

demonstrated to have lower ceiling effects and higher accuracy than the commonly 

used Berg Balance Scale (Godi et al., 2013). The Mini BESTest captures both 

anticipatory and reactive dynamic balance responses as well as single and dual-task 

walking trials that could be compared with an individual’s overall body composition and 

strength values. 

Having high grip strength at middle age has been shown to be a good predictor of 

longevity in a long-term prospective study of 2239 men (Rantanen et al., 2012). A 

different group of 120 individuals that were followed for a decade showed larger relative 

declines in lower limb muscle strength (14.5% males, 12-18% females) compared to 

upper limb strength (10-12% males, -2-2% females). It is important to note that research 

has shown that the decline of muscle is not linear with the loss in strength, as strength 

tends to precede the loss in muscle mass (Delmonico et al., 2009; Goodpaster et al., 

2000; Janssen et al., 2002), which supports the switch of the EWGSOP to focus on 
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strength first then to follow up with body composition. Dynapenia is a term used to 

describe this strength loss in the absence of other clinically diagnosed neuromuscular 

diseases (Clark & Manini, 2012). This also emphasizes a need to look at muscle quality 

as a normalized measure as opposed to focusing only on absolute strength.  

Our objective in this study was to first examine whether age-related changes to 

strength, body composition, and power were present in a healthy cohort of community-

dwelling seniors relative to a university aged control group. Next, we wanted to classify 

the older individuals as sarcopenic or not. Lastly, we wanted to look for possible 

associations between these measures, which we expected would be strengthened by 

including variables from both young and older adults. It was hypothesized that young 

adults would have more fat-free mass, higher strength, greater power, and would walk 

quicker than older adults. It was also expected that males would have more fat-free 

mass and therefore more absolute strength and power compared to females. Grip 

strength, fat-free mass index, and knee extensor power are hypothesized to be 

positively correlated to each other. It is expected that scores from the clinical balance 

and mobility test, Mini BESTest, will be positively correlated with each of the previously 

listed variables for the older adult group. 

 

6.3  Materials and Methods 

6.3.1 Participants 

Thirty-three individuals (n=33) were recruited and provided written informed consent to 

participate in a larger experimental paradigm that included Experiment 3 –outlined in 
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this chapter – and Experiment 4 – outlined below in Chapter 7. Young participants (9 

females, 8 males; 24 ± 3 years) were recruited from the University of Guelph while older 

participants (8 females, 8 males; 77 ± 6 years) were recruited from the Village by the 

Arboretum retirement community and the city of Guelph. All participants were required 

to be community-dwelling, and able to complete their functional activities of daily living 

independently, without a walking aid. Participants were excluded if they had a sprain, 

strain, or fracture within the last year, if they were diabetic or had peripheral neuropathy, 

if they had osteoporosis, if they were pregnant or had a pacemaker, if they were on 

medications that could impair balance, or if they had a degenerative neurological 

condition (e.g. Multiple Sclerosis, Parkinson’s Disease). Descriptive characteristics for 

the participants are listed in Table 6.1. This research protocol was approved by the 

Research Ethics board at the University of Guelph. 

6.3.2 Experimental Set-up 

Bioelectrical Impedance Analysis (BIA) 

BIA was used to provide a 2-compartmental estimate of body composition for each of 

the participants (fat/fat-free mass; model Quantum IV Body Composition Analyzer, RJL 

Systems, Clinton Township, MI, USA). Please note that prior to each day of use, the 

BIA unit was tested and passed a quality control using a test resistor that came directly 

from the manufacturer. Participants were also asked to adhere to a specific 

standardized protocol prior to visiting the laboratory. To this end, participants were 

instructed to avoid strenuous exercise for 12 hours, refrain from alcohol for 24 hours, 

avoid over-eating and excessive caffeine for 4 hours, and were asked to consume at 

least two to four cups of water in the 2 hours before coming into the lab (McIntosh et al. 
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2013; Smale et al. 2016). This specific protocol was used to ensure that all participants 

were sufficiently hydrated for the cross-sectional BIA measurements. After voiding their 

bladder, participants lay supine for five minutes on a portable assessment table with 

their limbs abducted so that they were not touching the torso. After cleaning the 

standard landmarks on the dorsal side of the wrist, metacarpal-phalangeal area, ankle, 

and metatarsal-phalangeal area electrodes (RJL Systems, Clinton Township, MI; USA) 

were affixed and leads attached on the participant’s right side as per the manufacturer’s 

recommendations. Resistance, reactance, phase angle, and impedance were obtained 

from at least two subsequent device readings (acceptable range was if resistance was 

<5% difference).  

Grip Strength  

A portable digital hand dynamometer (Vernier, OR, USA; 10 Hz) was used to measure 

isometric maximum grip strength. Participants were asked to stand in front of a visual 

display with their upper arm flush with their trunk and the elbow bent at a 90˚ angle 

holding the dynamometer vertically in a comfortable grip. Both verbal and visual 

feedback was given during the maximum isometric hand grip contractions. Participants 

performed three contractions, with approximately twenty seconds of rest between 

exertions, with each hand. Participants were asked to squeeze as hard as they could 

when signalled, as opposed to ramping up the contraction. The maximum hand grip 

value, regardless of hand dominance, was converted from Newtons to kilograms and 

used for subsequent analyses. 
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10x repeated sit-to-stand 

The same chair (with a seat height of 0.455 m) was used for all repeated sit-to-stand 

testing. Participants were asked to complete 10 repeated sit-to-stand maneuvers as 

quickly as they felt safe to do so. They were asked to not to use their hands to push up 

on the arms of the chair, if able, and to instead cross their arms over their chest. One 

repetition involved the participant starting and ending in a seated position (body weight 

had to be transferred to the chair, rather than a simple tap of the buttocks on the chair), 

with the participant coming to a standing position (full knee extension) in between. One 

older adult male was unable to complete the protocol; this one data point is 

subsequently missing from any data analyses that include sit-to-stand. 

Mini BESTest  

The Mini BESTest was chosen for its efficiency to administer while simultaneously being 

a comprehensive mobility and balance assessment tool (Franchignoni et al., 2010). 

High intraclass correlation coefficients have been shown for both inter and test-retest 

reliability in the Mini BESTest in patients with subacute stroke (Winairuk et al., 2019) 

and Parkinson’s (Löfgren et al., 2014). With this clinical tool, fourteen movement tasks 

are assessed including standing and walking balance, internal and external postural 

perturbations in addition to a dual-task which requires participants to count backwards 

by three while performing a Timed Up and Go walking task. All functional tasks are 

graded by a single examiner using a three-point scale from 0-2 for a maximum 

composite score of 28. In the literature, a cut-off score of 16 has been reported to be 
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linked to an increased falls risk in healthy older adults (Yingyongyudha et al., 2016). 

Only the older adult participants were asked to complete the Mini BESTest (due to the 

likelihood of a ceiling effect in the young adults) and each task was administered and 

evaluated by the same investigator.  

Mini BESTest task: Timed Up and Go  

The Timed Up and Go task is one of the fourteen tasks from the Mini BESTest. 

Participants were asked to get up from a chair, walk around a pylon located 3 m away, 

then return to a seated position. The instructions were to complete the task as quickly 

as they felt safe to do so, without running (participants were told to proceed like a phone 

was ringing in a separate room that they wanted to answer). The task was then 

repeated while dual-tasking (counting backwards by 3’s from a randomly assigned 

number). Participants were graded from 0 – 2 based on whether their gait changed 

during the dual-task trial compared to the normal trial (> 10% slower or stopped 

counting while walking). While this task is a component of the Mini BESTest, it is often 

commonly performed independently for the assessment of the functional ability of older 

adults (Podsiadlo & Richardson, 1991). One study suggests that a cut-off TUG time of 

12.5 seconds was successful in predicting fallers in a cohort of 60 Brazilian older adults 

(Alexandre et al., 2012). Because this task is timed, the scalar metric obtained can then 

be used to investigate associations with the other strength and body composition 

metrics. 

Kinematics 

Kinematic data were recorded to capture gait velocity during 6.5 m walking trials using 
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three banks of Optotrak 3020 camera banks (100 Hz; NDI, Waterloo, Canada). To 

capture body centre of mass movement, rigid bodies were placed on the head, trunk, 

pelvis, and feet. Each rigid body had 3 non-collinear infrared emitting diodes to allow for 

three-dimensional motion capture of the segments. The following bilateral anatomical 

landmarks were then digitized to the previously mentioned rigid bodies: ears, acromion 

processes, iliac crests, anterior superior iliac spines, halluces, 5th metatarsals, heels, 

and the xiphoid process.  

6.3.3 Data Analysis 

Fat-free Mass Index 

With the values obtained through BIA and anthropometry, fat-free mass was calculated 

using the following equation from Kyle et al. (2001). Please note that this equation was 

derived from a population of Caucasian adults aged 20-94.  

𝐹𝐹𝑀 (𝑘𝑔) =  −4.104 + 0.518 ∗
ℎ𝑒𝑖𝑔ℎ𝑡 (𝑐𝑚)

𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒
+ 0.231 ∗ 𝑤𝑒𝑖𝑔ℎ𝑡(𝑘𝑔) + 0.13 ∗ 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒 + 4.229 ∗ 𝑠𝑒𝑥  

Equation 2: Fat-free mass calculation from BIA (Kyle et al. 2001). Note: values for 

term “sex” are 1 for males, 0 for females. 

 

The FFM value was then divided by the participant’s height squared to obtain a Fat-

Free Mass Index value (FFMI – units kg/m2). This metric is a normalized value, similar 

to Body Mass Index (BMI), and is used to reflect the amount of muscle mass relative to 

a person’s height to allow for comparison between different body types. 



 

 

101 

 

Grip Strength 

Grip strength was converted from Newtons to kilograms by dividing the force output by 

9.81 m/s2. Grip strength was expressed absolutely, as kilograms, but was also 

normalized by dividing total grip strength (kg) by the total fat-free mass (kg) to represent 

muscle quality and strength relative to total muscle mass.  

Knee Extensor Power Index 

A knee extensor (KE) power index was calculated from the repeated sit-to-stand task 

using an equation adapted from (Takai et al., 2009). This research group reported a 

significant positive correlation between their power index metric and knee extensor 

force in a cohort of older adults. 

𝐾𝐸 𝑃𝑜𝑤𝑒𝑟 𝐼𝑛𝑑𝑒𝑥 (𝑊) =
(𝐿𝑒𝑔 𝑙𝑒𝑛𝑔𝑡ℎ−𝑆𝑒𝑎𝑡 ℎ𝑒𝑖𝑔ℎ𝑡)∗𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠∗𝐺𝑟𝑎𝑣𝑖𝑡𝑦 ∗10 𝑅𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛𝑠

𝑇𝑜𝑡𝑎𝑙 𝑇𝑖𝑚𝑒 𝑜𝑓 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 10 𝑠𝑖𝑡−𝑡𝑜−𝑠𝑡𝑎𝑛𝑑𝑠
  

  

Equation 3: Knee Extensor Power Index (Takai et al. 2009) 

 

Gait Velocity 

The digitized anatomical points were used to create centre of mass (COM) segments 

using the Winter 1998 model  (Winter et al., 1998). The Trunk 4 segment (using the 

xiphoid and acromion processes) was used to represent gait velocity. As 2/3 of an 

individual’s body mass is located in the trunk it is a reasonable body segment to use to 

represent whole body movement during walking (Inkol et al., 2018). The derivative of 

the filtered (dual pass Butterworth with 6 Hz cut-off) and interpolated trunk COM 

position data was used to obtain velocity, then the maximum value from two walking 
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trials was used as the gait velocity metric. The maximum velocity was used since the 

walkway was short (6.5 m) and we felt that this maximum velocity more accurately 

represented steady-state gait as opposed to a deceleration phase. 

Sarcopenia Classification 

The older adult participants were screened for sarcopenia using the EWGSOP criteria. 

Low grip strength was determined to be less than 27 kg for males or 16 kg for females 

(Cruz-Jentoft et al., 2019). Fat-free mass index values that suggest reduced muscle-

mass were determined to be <16.3 kg/m2 for males and <13.1 kg/m2 for females. These 

FFMI cut-off values are two standard deviations below the mean young reference 

values from (Schutz et al., 2002). The gait velocity cut-off value was <0.8 m/s, also 

based on the EWSGOP (Cruz-Jentoft et al., 2019). A sarcopenia classification required 

older adults to have both reduced grip strength and low FFMI.  

6.3.4 Statistical Analyses 

Statistical tests were completed using IBM SPSS Statistics Version 26 (Armonk, NY, 

USA). An unpaired T-test was performed on the relative strength data comparing the 

low-grip strength group to the normal grip-strength group. Two-way ANOVAs (Sex x 

Age) for the dependent variables: maximum hand grip strength, fat-free mass index, 

knee extensor power index, and gait velocity were performed. All presented variables 

were normally distributed (Shapiro-Wilk statistic > 0.8 and p>0.05) and had equal 

variances (p>0.05 for Levene’s test of equality based on mean). Post-hoc tests were not 

necessary since there were only two levels for both independent variables. Pearson’s 

correlations were performed between FFMI, grip strength, and knee extensor power 
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data. The alpha level of p<0.05 was used to define significance for all statistical tests 

run for this study.   

6.4  Results 

One outlier, an older female, was removed from the knee extensor power index values 

based on her sit-to-stand time being more than twice the mean for the other older adult 

females. An interaction effect was observed for gait velocity where older females walked 

slower than older males, but young females were quicker than young males (Figure 

6.1).  
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Table 6.1: Anthropometric, clinical, and strength variables displayed by age and sex 

  

Young Males (n = 8) Older Males (n =8) Young Females (n = 9) Older Females (n = 8) 

mean  s.d. range mean  s.d. range mean  s.d. range mean  s.d. range 

Age (years) 23.8 ± 3.1 (21-30) 77.0 ± 7.1 (70-88) 23.6 ± 2.6 (21-28) 76.1 ± 4.9 (70-85) 

MiniBEST(max =28) N/A 24.9 ± 2.4 (20-27) N/A 23.6 ± 2.6 (19-28) 

Height (cm) 177.8 ± 3.0 (174-182) 177.9 ± 5.3 (173-188) 166.9 ± 8.4 (158-183) 164.5 ± 5.8 (155-173) 

Weight (kg) 73.6 ± 11.6 (52.3-88.5) 82.3 ± 10.7 (66.2-98.8) 65.7 ± 16.0 (48.2-105.0) 65.0 ± 7.5 (53.1-74.0) 

BMI (kg/m2) 23.3 ± 3.9 (15.9-27.9) 25.9 ± 2.4 (22.2-30.2) 23.4 ± 3.8 19.4-31.4) 24.1 ± 3.4 (19.3-29.7) 

Fat-Free  
Mass (kg) 

57.5 ± 5.5 (47.2-64.5) 60.4 ± 6.2 (54.3-72.7) 45.2 ± 7.0 (34.9-60.1) 41.3 ± 3.3 (36.2-45.2) 

Fat Mass (kg) 16.1 ± 7.6 (5.1-28.5) 21.8 ± 5.9 (9.5-27.9) 20.5 ± 9.8 (13.3-44.9) 23.8 ± 4.3 (16.9-28.8) 

Fat-Free Mass 
Index (kg/m2) 

18.2 ± 1.8 (14.4-20.6) 19.1 ± 1.4 (17.7-22.2) 16.2 ± 1.5 (14.1-18.2) 15.3 ± 1.6 (13.2-18.2) 

Body Fat (%) 20.9 ± 7.6 (9.8-32.1) 26.1 ± 5.1 (14.3-31.2) 30.2 ± 6.2 (24.4-42.7) 36.3 ± 2.6 (31.8-39.6) 

10x Sit to Stand (s) 19.8 ± 4.8 (15.4-29.2) 19.2 ± 7.2 (11.1-32.1) 20.7 ± 3.6 15.5-26.0) 27.3 ± 10.5 (18.6-51.1) 

Power Index (W) 161.8 ± 58.0 (101-256) 173.6 ± 42.0 (101-223) 115.8 ± 32.7 (74.7-192) 92.5 ± 37.5 (50.4-166) 

Gait Velocity (m/s) 1.25 ± 0.1 (1.15-1.42) 1.3 ± 0.15 (1.00-1.48) 1.31 ± 0.11 (1.13-1.43) 1.12 ± 0.08 (1.01-1.21) 

Max Grip (kg) 33.1 ± 6.7 (25.8-45.8) 32.3 ± 4.1 (25.6-38.3) 23.2 ± 4.3 (14.7-30.3) 16.9 ± 3.5 (11.8-22.0) 
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Figure 6.1: Mean gait velocity values displayed by age and sex. An interaction effect 
was observed such that older females were slower than older males, but the reverse 
was true in the young adults (F(3,31) = 4.542, p<0.05, ƒ=0.14). A main effect of age (*) 
was also observed such that young adults walked quicker than older adults (F(1,15) = 
7.15, p<0.05, ƒ=0.21). A white horizontal line denotes the EWGSOP sarcopenia 
classification cut-off value for gait velocity as 0.8 m/s. 

 

A main effect of sex was observed for maximum hand grip strength (Figure 6.2), fat-free 

mass index (Figure 6.3), and knee extensor power index (Figure 6.3). Males were 

stronger, had more muscle mass, and produced greater knee extensor power than the 

female participants. While there were no age effects for any of these variables, a trend 
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(p = 0.059) existed for the hand grip strength, suggesting that on average young adults 

were stronger than the older adults. 
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Figure 6.2: Maximum hand grip strength values displayed by age and sex. A main 
effect of sex (*) was observed such that males were stronger than females (F(1,15) = 
51.57, p<0.05, ƒ=0.66). A trend (grey bars) was observed for an age effect such that 
young adults were stronger than older adults (F(1,15) = 3.90, p = 0.059, ƒ=0.13). White 
horizontal lines indicate the sex specific cut-off values from the EWGSOP guidelines for 
reduced muscle strength. 
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Figure 6.3: Fat-free mass index values displayed by age and sex. A main effect of sex 
(*) was observed such that males had larger fat-free mass indices than females (F(1,15) = 
24.09, p<0.05, ƒ=0.47). The horizontal white lines represent sex-specific FFMI cut-off 
values for the EWGSOP sarcopenia classification determined as two-standard 
deviations below the mean values for a healthy young population, adopted from Schutz 
et al. (2002). 
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Figure 6.4: Knee extensor power index values displayed by age and sex. A main effect 
of sex (*) was observed indicating that, for both age groups, males had significantly 
larger power index values than the females (F(1,15) = 15.74, p<0.05, ƒ=0.76). 
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Based on the current definitions of the EWGSOP, none of our participants were 

classified as having sarcopenia. As reported in Table 6.2, there were no individuals who 

were below the cut-offs for gait velocity or fat-free mass index. Five individuals (4 

females, 1 male) were, however, below the cut-off value for strength. It is interesting to 

note that when grip strength was expressed relative to total body fat-free mass and then 

stratified based on those who met the grip strength EWGSOP criteria and those who did 

not, it was found that the weaker individuals in absolute terms were also proportionately 

less strong (Figure 6.5). It should be noted that the fat-free mass is reflective of the 

whole body, whereas the grip strength is only reflective of forearm strength, however it 

is still notable that the low-grip strength group was significantly weaker even when the 

data were normalized. 

 

Table 6.2: Sarcopenia classifications using the EWGSOP cut-off values. No participants 
were considered sarcopenic, however 50% of the older females in the study had low 
grip strength and 12.5% of the males. 

Sarcopenia Cut-Off Measures 
Older Males  

(n = 8) 
Older Females  

(n = 8) 

Low Grip Strength 
<27 kg for males 

<16 kg for females 
1 (12.5%) 4 (50%) 

Fat-Free Mass Index 
<16.3 kg/m2 for males 

<13.1 kg/m2 for females 
0 0 

Gait Velocity 
<0.8 m/s 

0 0 
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Figure 6.5: Grip strength normalized by total fat-free mass grouped by the older adults 
that were above and below the cut-off for low grip strength, according to the EWGSOP. 
The number of individuals in each group are disproportionate (low grip n = 5, normal 
grip n = 13), however, by expressing the values as a proportion of total fat-free mass, it 
shows that the strength loss is greater than the overall muscle loss. An unpaired t-test 
determined that this finding was significantly different (*). This may seem an 
inappropriate way to display the data, however, since there was only one male with low 
grip strength, it would not be possible to do a statistical analysis that was separated by 
sex. A t-test did reveal that the four females with low strength were significantly different 
from the four with normal strength. The averages for each group were: Females with 
low-grip = 0.364 (n=4), Females with normal grip = 0.455 (n=4), Male with low-grip = 
0.427 (n=1), Males with normal grip = 0.568 (n =7). These numbers have no units since 
they are a proportion (kg/kg).  
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Figure 6.6 illustrates Mini BESTest scores stratified by sex. This figure clearly 

emphasizes that there was no statistical difference between the two groups; rather high 

scores were achieved by all participants. Also note that there was a (relatively) low 

variability for these scores for both sexes.  
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Figure 6.6: The Mini BESTest results demonstrate that the group was very high 
performing. A cut-off value of 16 indicates a higher likelihood of falls (Yingyongyudha 
et al., 2016). Note that in our sample population, the lowest value we observed was 19. 
There were no differences between our male and female older adult for these Mini 
BESTest results.  
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Table 6.3: Pearson's correlation values for Power Index, Grip Strength, and Fat-free 
mass index stratified by age group and sex. Note that significant positive correlations 
were observed between FFMI, grip strength, and power. A significant negative 
correlation was found between Grip Strength and Dual-Task Timed Up and Go time 
(from the Mini BESTest) for the older adults. Significant correlations (p<0.05) are 
denoted by the asterisk and bolded r values. 

 

Pearson’s 
Correlation 
Coefficients 

(r) 

Grip Strength (kg) Fat-Free Mass Index (kg/m2) 

 
Young 
Male 

Older 
Male 

Young 
Female 

Older 
Female 

Total 
Young 
Male 

Older 
Male 

Young 
Female 

Older 
Female 

Total 

Knee 
Extensor 

Power (W) 
0.604 -0.061 0.314 0.238 0.670* 0.656 -0.724 0.487 0.0482 0.547* 

Grip Strength 
(kg) 

- - - - - 0.633 0.149 0.842* 0.528 0.787* 

Fat Free 
Mass Index 

(kg/m2) 
0.633 0.149 0.842* 0.528 0.787* - - - - - 

Timed Up 
and Go (s) 

- -0.334 - -0.699 -0.323 - 0.147 - -0.482 -0.211 

Dual- Task 
Timed Up 
and Go (s) 

- -0.546 - -0.656 -0.643* - 0.157 - -0.328 -0.443 

Significant positive correlations were observed between FFMI, grip strength, and power. 

A significant negative correlation was found between grip strength and the TUG time of 

the dual-task situation, however, there was no correlation with the normal TUG test. 
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Figure 6.7: Correlation between fat-free mass index (obtained from the BIA analysis) 
and grip strength. The grip strength value used was the maximum obtained from either 
hand. 
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Figure 6.8: Correlation between knee extensor power index (obtained from the 
repeated sit to stand) and fat-free mass index (obtained from the BIA analysis).  
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Figure 6.9: Correlation between knee extensor power index (obtained from the 
repeated sit to stand) and grip strength. The grip strength value used was the maximum 
obtained from either hand. 
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Figure 6.10: Correlations between the time it takes to complete a Timed Up and Go 
(TUG)  task under normal and dual-task (counting backwards by 3s) conditions and grip 
strength. Recall that the TUG test is an element of the Mini BESTest, and therefore only 
older adult values are presented (n=16). The grip strength value used was the 
maximum obtained from either hand. There was a significant negative correlation 
between only the dual-task TUG and grip strength, but not the normal TUG test. 
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6.5  Discussion 

The purpose of this study was to determine whether age-related differences were 

present in our study population in measures of strength, body composition, and power 

as well as to examine whether these variables would be correlated. It was expected that 

young adults would have more fat-free mass, higher strength, and greater power than 

the older adults. Sex effects were also expected since males typically have more fat-

free mass than females. Lastly, it was hypothesized that FFMI, strength, and power 

would all be positively correlated to each other. 

Main effects of sex were observed for fat-free mass index, grip strength, and knee 

extensor power, demonstrating that the males in this study were leaner, stronger, and 

more powerful than females.  While this was expected, it was a very surprising finding 

that the only age-effect observed was that young adults walked faster than older adults. 

There was a trending age effect for strength (older adults appeared weaker than the 

young adults), but the p-value was 0.059 and it appeared to be driven by the older 

female participants in the study. While the males had very comparable grip strength 

values, it should be noted that the older adults weighed on average 8.7 kg more than 

the young males (including 2.9 kg of fat-free mass), which may account for the lack of 

difference.  

No participants from this study were classified as sarcopenic. This is in contrast to 

a 6% incidence observed in a very similar group of community-dwelling individuals from 

Guelph in 2013 that used the earlier classification system from the EWGSOP (McIntosh 

et al., 2013). What is more surprising is the large difference in the number of 
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participants that were classified as having low grip strength. In the 2013 study 74% of 

males and 60% of females had low grip strength, while in the current study there were 

only 12.5% of males and 50% of females. Another study has shown a similar trend 

where sarcopenia was more frequent in males with the original EWGSOP guidelines 

while it was more prevalent in females using the updated guidelines (de Freitas et al., 

2020). Note that the major difference between the original and current EWGSOP 

guidelines are related to the cut-off values used for low grip strength that have been 

updated and are lower now than in the previous EWGSOP criteria. There were also 

more individuals who were over 80 years of age in the previous study population. The 

physical fitness and lifestyle of the older adults in this study could be a limitation as the 

individuals who were interested in volunteering and were able to pass our eligibility 

criteria, were typically health conscious, educated, and had the socioeconomic means 

to take part in community exercise classes. Most of the individuals came from the 

Village by the Arboretum retirement community. These residents have access to a 

gymnasium for racket-sports, a fitness center, and an indoor pool as well as group 

exercise classes, tai chi, yoga, and aquafit classes available in their community 

center(VBA - Village By The Arboretum -Recreation Centre, n.d.). 

Absolute strength is an important variable for many required activities in daily life 

such as carrying groceries, lifting a toddler, pushing a car out of the snow, and opening 

a jar. That said, relative strength is arguably more important for most activities, since the 

previously listed tasks could be performed by a surrogate. For most activities of daily 

living, such as the ability to put on clothes, use a toilet, get in and out of a car, and lift 
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yourself out of bed, it is necessary to have enough strength to move your own body 

weight. It is both interesting and concerning that the individuals who didn’t reach the cut-

off established by the EWGSOP for absolute strength, also had lower relative strength, 

which would not be encapsulated in a simple body composition test (Figure 6.5). As 

such, the results from this study would support the updates to the EWGSOP criteria 

which encourages clinicians to test strength before body composition. The difference in 

muscle quality (Lynch et al., 1999) for individuals in the low grip strength group provides 

further support to suggest that the retention of fat-free mass is not the same as 

maintaining force generating capacity. Since FFMI is not able to discriminate where the 

muscle mass exists, there could be preferential loss, which has been demonstrated in 

master’s athletes who have been shown retain muscle that is specific to their sport while 

declining in other areas (Power et al., 2012). 

Positive correlations were observed between FFMI, grip strength, and knee 

extension power, as expected, however they were heavily influenced by the inclusion of 

young adults in the experimental design. Increasing sample size will generally help 

improve the values of correlation analysis by providing statistical power, however, 

examining the older population’s results specifically suggests non-linear trends which, 

again, support the new recommendations to preferentially test strength followed by body 

composition. The only relationship that was purely driven by the older adult data was 

the observed correlation between dual-task TUG and grip strength, as these results did 

not even include young adult data because they did not complete the Mini BESTest. It 

was interesting that the TUG test was negatively correlated with grip strength during the 
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dual-task walking condition, but not the regular TUG. This is a concerning finding given 

that individuals who have less strength are typically at a higher risk for falls and fall 

related injuries (Lloyd et al., 2009). The count back task used in the dual-task TUG 

specifically targets working memory that generally involves the prefrontal cortex; a 

cortical brain area that experiences age-related deterioration (Raz, 1997). The TUG and 

dual-task TUG test are very easy, inexpensive, and quick to administer; all that is 

required is a stopwatch and a chair with a spot marked off on the ground 3 meters from 

the chair. Despite the simplicity to conduct as an evaluator, the task is complex for the 

participant, requiring transitions, planning, and turning. The results of this study provide 

a compelling incentive to incorporate dual-task TUG into more clinical evaluations to 

potentially highlight individuals who are at an increased risk for falls. 

While it was surprising to find a lack of age-related changes to strength, body 

composition, and power, due to a healthy and active population, there are still valuable 

suggestions coming from this study that could be adapted into research and the clinic. 

The completion of a dual-task TUG could be a quick addition to any protocol that is 

investigating sarcopenia and could potentially highlight individuals who are at increased 

risk for falls. Secondly, if grip strength and body composition measures are already 

being measured, it could be beneficial to look at both absolute and relative strength. 

While grip strength only demonstrates forearm and not whole-body strength, we would 

argue that having arm strength is important to be able to either grasp a handrail or 

arrest trunk movements to prevent the head from contacting the ground during a fall 

(Lattimer et al., 2018; Maki et al., 2003). Normalizing grip strength to full body muscle-
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mass composition could indicate declines in muscle quality and subsequently could be 

used to encourage individuals to exercise more, even if they feel as though their body 

composition has not changed over time. 
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7 Experiment 4: Age-related changes to reactive lateral 
movements and handrail grasping during forward walking 

7.1  Abstract 

The most frequent cause of falls in long-term care homes has been attributed to 

incorrect weight shifting, while the activity that preceded the most falls was forward 

walking. In addition to this observation, lateral instability and weakness have also been 

linked to increased falls risk in community-dwelling individuals. Therefore, it was of 

interest to investigate age-related changes to internal perturbations caused by lateral 

movements during forward walking. To elicit these responses, we asked individuals to 

grasp a handrail as quickly as they could following a cue. The handrails were bilaterally 

placed beyond arm’s length and the audiovisual cues, which indicated which side to 

grasp the handrail on, were randomly delivered. Thirty-two participants (9 young 

females, 7 young males, 8 older females, 8 older males) completed the protocol which 

included 12 non-perturbed walking trials, and 6 reactive trials in each condition. The 

conditions included both left and right grasping trials, with (Reactive Known) and without 

(Reactive Unknown) knowledge about the movement direction prior to the delivery of 

the cue. Kinematic data were recorded and a centre of mass (COM) model was 

calculated to examine whole body movements. The young adults had quicker lateral 

COM velocities and reached peak velocity earlier than the older adults. The young 

adults also traversed a shorter three-dimensional travel path to the handrail than the 

older adults. Sex effects demonstrated that males completed the task quicker than 

females and, for everyone, having knowledge prior to the task also allowed for quicker 

responses. The slower movements and increased travel path to the handrail observed 
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in the older adults might reflect a more cautious strategy or alternatively it may highlight 

a generalized reduction in movement velocity that occurs with age.  

Keywords 

Aging, Reactionary Movements, Handrail, COM Velocity, Walking, Lateral Movements 

7.2  Introduction 

Falls are a major concern for the aging population due to the frequency and 

severity of fall-related injuries (Injuries among Seniors | CIHI, 2019). With increased life 

expectancy and a growing proportion of seniors in our population, this becomes an 

economic matter due to the cost of fall-related hospitalizations and the growing need for 

subsidized long-term care (Cost of a Standard Hospital Stay · CIHI, 2017; Injuries 

among Seniors | CIHI, 2019). A 2013 study identified the cause and activity taking place 

at the time of 227 falls recorded in the public areas of two long term care facilities 

(Robinovitch et al., 2013). The most frequent cause of fall (41%) was incorrect weight 

shifting and the activity associated with most falls was forward walking (Robinovitch et 

al., 2013). Incorrect weight shifting suggests that individuals were destabilized by 

internal perturbations caused by their own volitional movements. This is in contrast with 

previous literature that suggested slips or trips, generally caused by external 

perturbations, accounted for the most falls based on self-reported data (Lord et al., 

2010). It is therefore of interest to investigate dynamic responses to internal 

perturbations caused by weight shifting to investigate what changes may occur with 

age. 



 

 

121 

 

Hip fractures are one of the most common and debilitating injuries that can result 

from a fall. The percentage of individuals who sustain a hip fracture and die within a 

year has been reported to vary from 14-58%; a large number of people are represented 

by even the low end of this range and, as such, this statistic is of considerable concern 

(Schnell et al., 2010). Not all postural instabilities begin in the frontal plane, however, 

most fractures are sustained when the load transferred to the proximal femur exceeds 

the tolerance of the bone (Zuckerman, 1996). Lateral instability has been linked to falls 

risk, as determined through recovery from robotic platform movements as well as from 

lateral waist pulls (Hilliard et al., 2008; Maki et al., 1994). Additionally, weakness and 

preferential muscle loss of the lateral hip musculature (specifically gluteal muscles) has 

been linked to older adult fallers (Inacio et al., 2014). 

Handrail grasping has been associated with a dramatic reduction (54%) in falls 

on stairs (Maki et al., 1998). The ability to arrest a fall using a handrail depends on the 

ability of an individual to rapidly grasp the railing as needed. Slowed arm movements 

were one of the best predictors of falls in a cohort of older adults who were monitored 

for a year after completing lab-based balance testing (Maki et al., 2003).  

When a task is planned, the postural control strategy has often been shown to be 

different than the same task when it occurs in a reactive manner. For example, a well 

noted shift in the center of pressure towards the stance leg is observed before foot off 

when initiating gait to better control the COM during the movement. This predictive 

behaviour has been shown to be absent in reactive stepping during a rapid platform 

movement, where the safer strategy is to simply step as quickly as possible and then 
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restabilize (Maki & McIlroy, 1997). It is not possible to get the same speed of response 

in a voluntary reaction task; however, it was of interest to explore this anyways since it 

is more ecological than a platform movement. We designed this experiment to examine 

whether having information, from an audiovisual cue, about the heading direction would 

aid in planning the movement and result in a more rapid or direct response. Aging has 

been linked to slowed processing speeds and executive functioning (Gunning-Dixon & 

Raz, 2000), therefore it was also of interest to see how older adults adapted to a 

reduced planning time compared to the younger adults.  

Our objective was to evaluate balance responses to weight shifting during 

forward walking and to investigate age-related changes. It was of interest to use a 

paradigm that required participants to grasp a handrail as it is an ecological way to 

require participants to perform a lateral weight-shift. It was hypothesized that young 

adults would complete the task quicker than the older adults. It was also hypothesized 

that young adults would use similar control strategies to maneuver their centre of mass 

(COM) during all trials, both with (Reactive Known) and without (Reactive Unknown) 

prior knowledge of the direction of motion, while older adults would have larger 

movements of their COM, for trials where a priori knowledge of grasp direction is 

unknown.  
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7.3  Materials and Methods 

7.3.1 Participants 

Thirty-two individuals who were recruited and provided written informed consent 

to participate in Experiment 3 also completed the protocol for Experiment 4. Young 

participants (9 females, 7 males, 24 ± 3 years) were recruited from the University of 

Guelph student population while older participants (8 females, 8 males 77 ± 6 years) 

were recruited from the Village by the Arboretum retirement community and the city of 

Guelph. One young male was excluded from this study due to kinematic data collection 

issues. All participants were required to be community-dwelling, and inclusion criterion 

included being able to complete all activities of daily living independently without a 

walking aid. Participants were excluded if they had a sprain, strain, or fracture within the 

last year, if they were diabetic or had peripheral neuropathy, if they had osteoporosis, if 

they were pregnant or had a pacemaker, if they were on medications that could impair 

balance, or if they had a degenerative neurological condition. Descriptive characteristics 

for the participants are listed in Table 7.1. This research protocol was approved by the 

Research Ethics board at the University of Guelph. 
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Table 7.1: Descriptive characteristics of participant groups 

  

Young  
Males  
(n = 7) 

Older  
Males  
(n =8) 

Young  
Females  
(n = 9) 

Older  
Females  
(n = 8) 

  

mean ± s.d. 
(range) 

mean ± s.d. 
(range) 

mean ± s.d. 
(range) 

mean ± s.d. 
(range) 

Age (years) 
23.9 ± 3.3  

(21-30) 
77.0 ± 7.1  

(70-88) 
23.6 ± 2.6  

(21-28) 
76.1 ± 4.9 

(70-85) 

MiniBEST 
(max = 28) 

N/A 
24.9 ± 2.4  

(20-27) 
N/A 

23.6 ± 2.6  
(19-28) 

Height (cm) 
177.8 ± 3.3  
(174-182) 

177.9 ± 5.3  
(173-188) 

166.9 ± 8.4  
(158-183) 

164.5 ± 5.8 
(155-173) 

Weight (kg) 
71.4 ± 10.7  
(52.3-84.8) 

82.3 ± 10.7  
(66.2-98.8) 

65.7 ± 16.0  
(48.2-105.0) 

65.0 ± 7.5  
(53.1-74.0) 

BMI (kg/m2) 
22.7 ± 3.7  

(15.9-27.1) 
25.9 ± 2.4  

(22.2-30.2) 
23.4 ± 3.8  

(19.4-31.4) 
24.1 ± 3.4  

(19.3-29.7) 

Gait Velocity 
(m/s) 

1.25 ± 0.1  
(1.15-1.42) 

1.3 ± 0.15  
(1.00-1.48) 

1.31 ± 0.11  
(1.13-1.43) 

1.12 ± 0.08  
(1.01-1.21) 

 

7.3.2 Experimental Set-up 

Kinematics 

Three-dimensional kinematic data were recorded using three Optotrak 3020 camera 

banks (100 Hz; NDI, Waterloo, Canada). Five rigid bodies, each with three non-collinear 

infrared emitting diodes (iRED), were placed on the head, trunk, pelvis, and feet to track 

movement. Other anatomical landmarks that were digitized with respect to the rigid 
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bodies were the bilateral: ears, acromion processes, iliac crests, anterior superior iliac 

spines, halluces, 5th metatarsals, heels, and the xiphoid process. Single iREDs were 

placed bilaterally on the radial styloid process to track wrist movement. A small hiking 

daypack was used to carry the iRED strober packs as well as the EMG patient pack, so 

that the bulk was not all carried around a waist belt, but rather distributed evenly across 

the trunk. The daypack was very adjustable and fastened securely around participants’ 

chests and hips.  

 

Electromyography (EMG) 

Surface electromyography (EMG) was collected from the bilateral medial deltoid 

muscles in a bipolar arrangement.  The skin above the muscle was cleaned with alcohol 

prior to the placement of two self-adhering Ag-AgCl surface electrodes (AMBU 

BlueSensor R, AMBU A/S, Ballerup, Denmark) with an interelectrode distance of 2.5 cm 

and were placed as per SENIAM (surface electromyography for the non-invasive 

assessment of muscles) guidelines (SENIAM, 2020). The ground electrode was placed 

over the right acromion process.  EMG data were differentially amplified (AMT-8, Bortec 

Biomedical, Calgary, AB; bandwidth 10 to 1000 Hz; common-mode rejection ratio = 115 

dB at 60 Hz; input impedance = 10 GOhm) and digitally sampled at 2000 Hz through the 

Optotrak Data Acquisition Unit. These EMG data were time synched with the kinematic 

data and recorded in NDI First Principles.  
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7.3.3 Experimental Procedure 

After finishing the protocol outlined in Experiment 3, participants were asked to 

complete 36 randomized walking trials along a path with bilateral handrails separated by 

2.23 m. Instructions were to walk directly forward until they reached a red line of tape at 

the end of the 6.5 m pathway. During reactive trials, participants were presented with an 

audiovisual cue; a recorded voice indicated the movement direction via a speaker while 

simultaneously a computer monitor at the end of the travel path would show a 

directional arrow and the word that was spoken (“Left” or “Right”). The cues were 

created and delivered via a custom-made LabVIEW program (Version 2018, National 

Instruments, College Station, TX) which sent a square pulse through the Optotrak data 

acquisition unit at the time of completion, to allow a synchronization with the kinematic 

and EMG data. During the experimental trials, participants were instructed to grasp the 

indicated handrail as quickly as they felt safe. For half of the reactive trials (Reactive 

Known), participants were told in advance which hand rail to grasp (left or right), 

however, they did not know at what point during the trial the cue would be delivered and 

were asked to walk in the middle of the travel path and to wait for the cue to move 

laterally. The other half of the reactive trials began the same way as all the control 

walking trials, however, at a randomized time a cue was delivered that indicated which 

direction for the participants to grasp the handrail (Reactive Unknown). The handrails 

were 0.97 m high (The Ontario Building Code | Handrails, n.d.), 3.75 cm2 (depth and 

width), and were 2.44 m long. While participants were aware that they could only be 

cued to grasp the handrail when it coincided with the walkway (only during the length of 
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the handrail portion of the 6.5 m long walkway), the timing and location of the cue 

delivery was randomized to limit the ability of the participants to predict when the cue 

would be delivered. The randomized design consisted of 12 non-perturbed (catch) 

walking trials, and six trials each of Reactive Known and Reactive Unknown grasping 

cues on both the left and right, for a total of 36 walking trials. 
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Figure 7.1: Aerial view of the experimental set-up. Participants were asked to walk from 
one red line of tape to another 6.5 meters away. The handrails were 2.23 m apart, 
widthwise, and the handrails made up 2.44 m of the 6.5 m travel path. 
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Table 7.2: Types of walking trials and the number of exposures of each type. It should 
be noted that the 36 trials were completely randomized except for the first and last trial 
which were both a non-reactive walking trial. 

Type of Trial Description 
Total Number of 

Trials 

Reactive 
Known 

Participants were told prior to the initiation of gait which side 
that they would be asked to grasp the handrail on. They were 
asked to proceed forward as though they were walking straight 
to the other side of the room until the cue was delivered; then 
grasp the handrail as quickly as they felt safe to. 

6 Left 

6 Right 

Reactive 
Unknown 

Participants were not given any information about the trial. 
They began walking to the other side of the room until an 
audiovisual cue was delivered at a randomized time instructing 
them which side to grasp the handrail. 

6 Left 

6 Right 

Non-reactive 
(catch) 

walking trials 

Participants were not given any information about the trial. No 
cue was delivered, and participants walked straight to the end 
of the 6.5 m walkway. 
 

12 

 

7.3.4 Data Processing  

All kinematic and EMG data were processed using Visual 3D version 6.03.6 (C-

Motion, Germantown, MD, USA). Kinematic data were interpolated, when data points 

were missing, with a 9-point cubic spline with a maximum gap of 20 frames then filtered 

with a dual-pass Butterworth filter with a lowpass cut-off of 6 Hz. The interpolated and 

filtered data were then used to create an adapted estimate of the centre of mass (COM) 

using the head, trunk, and pelvis segments (Winter et al. 1998). Deltoid EMG data were 
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Linear Enveloped by means of being debiased, rectified, then filtered with a dual-pass 

Butterworth filter with a lowpass cut-off of 5 Hz. 

7.3.5 Dependent Variables  

To obtain metrics from the kinematic data the end of the motion for handrail grasping 

trials was defined as the point in time when the wrist stopped on the handrail. This was 

defined by the moment when the lateral wrist velocity crossed a zero threshold.  

 

Figure 7.2: Representative wrist data from Visual 3D of one older male participant (left 
column) and one younger male participant (right column) from reactive known trials (to 
the right). Top row represents the wrist positional data while the bottom row represents 
the velocity data. Green vertical dashes signify the peak wrist velocity, while the blue 
vertical dashes signify the end of movement when the wrist arrested lateral movement. 
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The x-axis signifies the elapsed time during the trial and has been windowed to show 
the movement to the handrail.  

 

Trunk COM 3-D path length was defined as the sum of the displacement of the trunk 

COM in each axis from the cue until the end of motion. The trunk COM was used rather 

than full body COM because it accounts for the largest mass contribution to the full body 

COM; additionally, this body segment was much less susceptible to errors due to 

marker occlusion. Total movement time was defined as the amount of time between the 

cue onset and the end of motion of the handrail grasp. Maximum lateral velocities of 

both the wrist and the COM, as well as the time to reach maximum velocity, were also 

recorded to characterize movement. The time period between the cue and the peak 

deltoid linear enveloped EMG was investigated to reflect the response time of the focal 

movement. The difference values between the Reactive Known and Reactive Unknown 

trials were performed for each of the previously stated dependent variables. 

 

7.3.6 Statistical Analyses   

It was not of interest to include direction of movement as an independent variable 

as we had no reason to believe that there would be a difference and would not know 

how to interpret a multi-level interaction should it occur. To ensure that this was 

statistically valid, paired t-tests were completed in Excel for each outcome variable to 

determine whether there were differences between the participants’ reactions based on 

their movement towards their dominant or non-dominant side (denoted by their writing 

hand). No significant differences were observed, therefore these metrics were collapsed 
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into the conditions “Reactive Known” for all of the responses where participants knew 

prior to the trial which side they would be responding towards and “Reactive Unknown” 

where they were unsure the side or whether they would have to grasp a handrail. To 

ensure that participants were not deviating towards the side of the cue pre-emptively on 

the Reactive Known trials, the average medial-lateral trunk COM position during non-

reactive (catch) walking trials was determined then compared to the position of the trunk 

COM at the time of cue delivery by means of a paired t-test.  Statistical tests were then 

completed using IBM SPSS Statistics Version 26 (Armonk, NY, USA). A three-way 

repeated measure mixed ANOVA was conducted for the dependent variables: peak 

lateral COM velocity, trunk COM 3D path length, total movement time, total time from 

cue delivery until the peak lateral COM velocity, time until peak deltoid activation, and 

peak lateral wrist velocity. The between-factor measures were sex and age, while the 

within-factor was prior knowledge. Non-biological outlier data were removed prior to 

processing (for instance: peak deltoid activation that occurred before the cue). The data 

from one older male participant was removed from the metric “peak lateral COM 

velocity” due to a consistent hip marker occlusion which resulted in non-biological data 

for that particular response. All variables presented with statistical significance were 

normally distributed (Shapiro-Wilk statistic > 0.8) and had equal variances (p > 0.05 for 

Levene’s test of equality based on mean). Post-hoc tests were not necessary since 

each there were only two levels for each of the independent variables. An alpha level of 

p<0.05 was used to define significance for all statistical tests conducted for this study.   
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7.4  Results 

There was no statistically significant difference between participants’ medial-lateral 

trunk COM position on Reactive Known and non-reactive (catch) walking trials. 

Speaking to the trial randomization process, it is important to note that no one veered 

consistently more than 5 cm (approximately half a step-width) towards the side of the 

response before the cue delivery. 

No interaction effects were found, but main effects were observed for each of the 

independent variables examined (p<0.05). A main effect of age was observed such that 

older adults had smaller peak lateral COM velocities (Figure 7.3), a larger time delay in 

reaching peak lateral COM velocity (Figure 7.4), and a trend was observed suggesting 

that they had more 3D trunk movement when compared to the young adults (Figure 

7.5). A sex effect was present for each of the listed dependent variables except peak 

lateral COM velocity. Males took less time to reach peak lateral velocity (Figure 7.4), 

had less 3D trunk movement (Figure 7.5), and faster wrist velocities in comparison to 

the female participants (Figure 7.6). The main effect of prior knowledge influenced every 

variable (Figures 7.1 – 7.3) except wrist velocity (no difference; Figure 7.6), such that 

data obtained for trials in the Reactive Unknown condition were consistently larger than 

the Reactive Known condition for every metric.  

There were no significant age-related changes in the difference values between 

the Reactive Known and Unknown conditions therefore we chose not to present these 

data in this chapter, however these figures are presented in the Appendix (see Figure 

9.1). The time from cue until peak activation and the total movement time did not meet 
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the required equal variances assumptions. The total movement time is still displayed, 

however, only for interest as no statistically significant differences were present (Figure 

7.7). Time until peak deltoid activation was omitted from this chapter but results from 

this metric will be revisited in the results of the second bridging chapter (Chapter 8). 
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Figure 7.3: Peak lateral COM velocity values for ‘Reactive Known’ and ‘Reactive 
Unknown’ conditions displayed by age and sex. Main effects of prior knowledge (**), 
and age (†) were observed. Young adults achieved faster COM velocities than their 
older adult counterparts (F(1,15) = 11.09, p<0.05, ƒ=0.29). It was observed that not 
having information about which handrail to grasp preceding the trial (Reactive 
Unknown) translated into participants having a quicker reactive lateral velocity (F(1,31) = 
24.07, p<0.05, ƒ=0.47). 
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Figure 7.4: Elapsed time from cue delivery until peak lateral COM velocity values for 
‘Reactive Known’ and ‘Reactive Unknown’ conditions displayed by age and sex. Main 
effects of prior knowledge (**), age (†), and sex (*) were observed. Females took longer 
to achieve peak lateral COM velocities than males (F(1,14) = 5.06, p<0.05, ƒ=0.15) and 
older adults took longer than young adults to reach peak lateral COM velocity following 
the cue (F(1,15) =13.49 , p<0.05, ƒ=0.33). Not having preceding information about which 
handrail to grasp (Reactive Unknown) resulted in a longer delay until peak lateral 
velocity (F(1,31) = 35.73, p<0.05, ƒ=0.56). 
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Figure 7.5: The 3D trunk COM path length calculated from the cue delivery until the 
end of movement for ‘Reactive Known’ and ‘Reactive Unknown’ conditions displayed by 
age and sex. Main effects of prior knowledge (**) and sex (*) were observed. There was 
a trending effect of age (†). Females traveled a further distance than males (F(1,14) = 
5.93, p<0.05, ƒ=0.18) and there was a trend that older adults traveled further than 
young adults during the lateral movements to the handrail (F(1,15) = 3.33, p=0.079, 
ƒ=0.34). Not having preceding information about which handrail to grasp (Reactive 
Unknown) resulted in a larger distance traveled (F(1,31) = 72.71, p<0.05, ƒ=0.72). 
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Figure 7.6: The peak lateral wrist velocity obtained between the cue and the completion 
of the task displayed by sex. The only main effect observed was sex, such that males 
achieved higher peak lateral wrist velocities than females.  
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Figure 7.7: The average total movement times from the delivery of the cue until the 
handrail grasp for ‘Reactive Known’ and ‘Reactive Unknown’ conditions displayed by 
age and sex. Statistical differences were not able to be displayed due to unequal 
variances, as can be seen by the individual values (shown as circles). 

 

7.5  Discussion 

The objective of this study was to investigate sex and age-related changes to 

reactive lateral movements during the goal directed task of grasping a handrail. It was 

also of interest to determine whether having a priori information about the change in 

heading direction would allow for quicker reactions, and specifically, if this advanced 

knowledge produced significant differences in these responses for the older adult 

participants. Surprisingly, there were no interaction effects or differences between age 

groups in the amount of change for any of the measured variables between Reactive 

Unknown and Reactive Known trials (Figure 9.1). There were, however, main effects of 

age, prior knowledge, and sex for many of the variables which will be highlighted below. 
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Age-related differences 

Relative to the young adults, older adults took longer to reach peak lateral trunk 

COM velocity towards the handrail following cue delivery. The older adults also had a 

slower peak lateral trunk COM velocity compared to the young adults, which has also 

been demonstrated previously in a lateral stepping and reaching task (Huntley et al., 

2017). This finding is not surprising given that our older adults increased the overall 3-

dimensional COM movement path in order to complete the handrail grasping task. 

Despite being given the same instructions, young adults may have prioritized the task 

more (i.e. getting to the handrail as quickly as possible), while older adults could have 

prioritized their overall safety; focussing on their balance during the dynamic movement. 

The decrease in overall response time could also have to do with age-related reduced 

sensory and cognitive processing (Mitchell et al., 2019) or an age-related decline in the 

generation of motor responses (Tseng et al., 2009). It is unlikely that the observed 

changes are due to age-related reduced cognitive processing capability given that the 

older adults did not have a larger improvement between Reactive Known and Reactive 

Unknown trials than the young adults (Supplementary Figure 9.1). A significant 

difference between the older and younger adults would be expected if age-related 

cognitive processing was the only reason for the slowed responses. If there was a delay 

in sensing the audiovisual cue, a simultaneous delay in the execution of the motor plan 

would be expected. Since both the time until peak lateral COM velocity as well the 

magnitude of the peak lateral COM velocity were reduced in older adults, a combination 

of sensory and motor changes could be present in our participants. While there were 
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age-related differences in the peak lateral COM velocity there were no age-related 

differences in the maximum wrist velocity while reaching for the handrail. This lack of 

age-related difference was observed in another handrail grasping study, even though 

their peak velocities were quicker due to their platform perturbation paradigm (Komisar 

et al., 2019). Since slowed arm movements have been suggested as a possible 

predictor variable for increased falls risk (Maki et al., 2003), our results suggest that 

older individuals who participated in the current study were highly functional. It is 

important to note that there are methodological differences between the present study 

and the work of Komisar et al (2019) study. Specifically, our task involved a voluntary 

reactive movement as opposed to the reaction task used in the prior work that did not 

allow choice as individuals had to react or face unpleasant consequences (falling into a 

harness).   

It should also be noted that only three of the sixteen older adult participants in the 

current study were in the oldest-old age group of 85 and older and none of the 

individuals were classified as sarcopenic (see Experiment 3). While several age-related 

differences were observed, it would be expected for these differences to be amplified 

with increased age and frailty. 

Influence of Prior Knowledge on Reactive Lateral Movements 

On average, individuals were 180 ms quicker at reaching the handrail when they 

had prior knowledge of which handrail they were meant to grasp. This is likely due to 

the reduction of cognitive processing and executive function resources required to 
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complete the task when the heading direction is known. It was expected that older 

adults would have had a larger difference in their Reactive Known and Reactive 

Unknown trial responses than the young adults due to possible cortical declines. 

Literature has shown increased activity with age for tasks in the motor planning areas of 

the prefrontal cortex (Berchicci et al., 2012), as well as general loss of volume of this 

cortical region with age (Raz, 1997). While there were some individuals who seemed to 

benefit to a greater extent by having knowledge, there were no statistically significant 

differences in terms of group responses (refer to Figure 9.1 to see both group and 

individual difference values).  

Peak lateral COM velocity was faster in the trials where participants did not have 

preceding information about which way they would be grasping (Reactive Unknown) 

compared to the Reactive Known trials. This is likely due to the fact that individuals 

were trying to make up for their slowed response (they took a longer time to reach peak 

lateral COM velocity; see Figure 7.4) to reach the handrail as quickly as possible. 

Sex Differences 

Sex differences were observed for every variable. Males reached peak lateral 

velocity quicker, had a quicker absolute velocity, quicker wrist movement, took a smaller 

3-dimensional trunk COM distance to the handrail, and performed the entire movement 

quicker than the female participants. A possible reason for this observation may be due 

to body anthropometrics. Males were on average 11-13 cm taller than the females in the 

study. This would suggest that on average their limbs are also appreciably longer and 
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that they would need to travel less to reach the handrail. Initially our goal was to 

normalize the width between the handrails to each participant’s arm length; however, 

pilot testing showed that this would compromise wrist marker data for some individuals. 

A fixed width distance was chosen for the current experiment in order to ensure that all 

participants would be forced to take a lateral step; future work could investigate this 

further using a handrail construction set up that could be normalized to individual 

participants, though this would reduce the relevance of any findings from an ecological 

perspective. 

Limitations 

One limitation of this study is that the grasping cues that were delivered were 

randomized and were not delivered at any specific part of the gait cycle. This could 

result in different responses between trials however we would argue that this 

experimental design is more ecologically relevant than assuming that a destabilization 

event (other than a slip) would only occur at one part of the gait cycle. Instructions to 

participants were to grasp the handrail as quickly as they felt safe to do so, which might 

have been interpreted differently based on each person’s perceived balance abilities 

and fear of falling. This could also change based on participant’s motivation which was 

not possible to control within our experimental design.  

In summary, this study demonstrated several age-related differences in lateral 

handrail reaching task while forward walking. Older adults had a slower peak lateral 

COM velocity and an increased amount of time to reach peak lateral COM velocity, as 
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well as increased 3D movement to the handrail. These data suggest either a more 

cautious strategy or perhaps highlight a generalized reduction in movement velocity that 

occurs with age.  
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8 Bridging Chapter 2: Are body composition and strength 
related to whole body movement? 

8.1 Introduction/Rationale 

It has been reported in the literature that individuals with sarcopenia fall more often 

than age-matched individuals with more strength (Roubenoff, 2000; Schaap et al., 

2018). While this statistic does not seem surprising, the overall mechanism underlying 

this observation has not yet been determined. Is it a lack of overall strength? A 

reduction in the ability to generate strength rapidly enough to counteract a loss of 

balance? A lack in motor coordination? Or do several factors combine to produce a high 

falls rate in individuals with sarcopenia? With the current data set it is not possible to 

determine a direct mechanism as none of our participants had sarcopenia and 

furthermore, none fell during the experimental procedures. That said, we were able to 

investigate the presence of linear relationships with the ability to produce reactionary 

movements through our work in Experiments 3 and 4, which included a large range of 

whole-body measurements. While the analyses of linear relationships between these 

metrics may provide insight into the mechanisms behind these responses, it should be 

noted that causation cannot be determined by correlation. It is hypothesized that 

strength, body composition, and functional measures will all be related to positive 

performance metrics from Experiment 4. 

8.2 Materials and Methods 

The methods have previously been reported in sections 6.3 and 7.3. The same 

participants were used for each experiment, apart from one young male that was 
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included in Experiment 3 but not 4 due to technical problems related to the kinematic 

camera system. A total of 32 participants (7 young males, 9 young females, 8 older 

females, 8 older males) were included in the analysis to follow. As mentioned 

previously, one older male participant was unable to complete the 10x repeated sit-to-

stand, therefore his values were not included in analyses that included sit-to-stand time 

or knee extensor power index metrics.  

8.2.1 Statistics  

Pearson’s correlations were performed in GraphPad Prism (Version 8, San Diego, 

USA) to examine the linear relationships between the body composition and functional 

variables in Experiment 3 (grip strength, knee extensor power, and FFMI) and the 

kinematic variables obtained in Experiment 4 (total movement time, maximum lateral 

trunk COM and wrist velocities, 3D trunk COM pathlength, and times from cue to peak 

lateral COM velocity and peak deltoid activation). Statistical significance was set at 

p<0.05. The variables from Experiment 4 are average values taken from voluntary 

reactive grasping trials on the individual’s dominant side.  

8.3 Results 

Pearson’s correlation coefficients were used to investigate the nature of the 

relationship between strength, compositional, and functional tasks from Experiment 3 

with the movement metrics from Experiment 4. The results of these analyses are 

reported in  
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Table 8.1 and in Figures 8.1 – 8.8. Maximum grip strength was positively 

correlated with both peak lateral COM velocity (Figure 8.2) and maximum lateral wrist 

velocity (Figure 8.5), and negatively correlated with total movement time (Figure 8.1), 

time from cue until maximum COM velocity (Figure 8.3), total 3D trunk COM pathlength 

(Figure 8.4), and time from cue until peak deltoid activation (Figure 8.6). Knee extensor 

power index was negatively correlated to total movement time (Figure 8.7) and time 

until maximum COM velocity (Figure 8.8). Lastly, fat-free mass index was not correlated 

to total movement time, time to COM velocity, or peak lateral COM velocity. Grip 

strength was the only variable examined that was linearly related to wrist velocity and 

deltoid activation, which is not surprising since all of these tasks involved the upper 

limb. 

Statistically significant correlations are displayed in figures below Table 8.1 in the 

same order presented in the table. 

 

Table 8.1: Linear relationships between strength and functional measures from 
Experiment 3 and movement metrics from Experiment 4. Pearson's correlation 
coefficients and p values are listed, and relationships that were statistically significant 
are bolded with light grey shading. There are no results reported in the dark grey areas 
as we had no reasonable justification to perform these correlations. 

 Movement metrics from Experiment 4 

Total 
Movement 
Time (s) 

Peak 
lateral 
COM 
Trunk 

Time from 
cue until 

peak 
lateral 

3D Trunk 
COM Path 
Length (m) 

Maximum 
Lateral 
Wrist 

Velocity 
(m/s) 

Time from 
cue until 

peak deltoid 
activation (s) 
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Figure 8.1: Correlation between maximum grip strength from Experiment 3 and total 
movement time from cue until handrail grasping from Experiment 4. The total movement 
time used was the average of the Reactive Unknown trials on the participant’s dominant 
side. A moderate statistically significant negative correlation was observed. Individuals 
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Maximum 
Hand 
Grip 

Strength 
(kg) 

R = -0.493  
(p = 0.004) 

R = 0.431 
(p = 0.015) 

R = -0.646 

(p<0.0001) 

R = -0.419 
(p = 0.017) 

R = 0.522  
(p = 0.002) 

 

R = -0.464  
(p = 0.007) 

Knee 
Extensor 

Power 
Index (W) 

R = -0.477  
(p = 0.007) 

R = 0.152 

(p = 0.424) 

R = -0.467  
(p = 0.009) 

R = -0.328 
(p = 0.072) 

  

Fat-Free 
Mass 
Index 

(kg/m2) 

R = -0.183 

(p = 0.317) 

R = -0.151 

(p = 0.419) 

R = -0.234 

(p = 0.206) 

R =-0.264 (p 
= 0.145) 
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with lower maximal grip strength took longer to complete the grasping task.
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Figure 8.2: Correlation between maximum grip strength from Experiment 3 and peak 
lateral trunk COM velocity during handrail grasping from Experiment 4. The peak lateral 
COM velocity that was used was the average of the Reactive Unknown trials on the 
participant’s dominant side. A moderate statistically significant positive correlation was 
observed. Individuals with higher maximal grip strength had faster lateral COM velocity. 
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Figure 8.3: Correlation between maximum grip strength from Experiment 3 and time 
from the delivery of the cue until peak lateral trunk COM velocity from Experiment 4. 
The time until peak lateral COM velocity that was used was the average of the Reactive 
Unknown trials on the participant’s dominant side. A strong statistically significant 
correlation was observed. It is interesting to note that individuals with lower maximal 
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grip strength took longer to reach peak lateral COM velocity following the cue to start 
the lateral movement. 
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Figure 8.4: Correlation between maximum grip strength from Experiment 3 and 3D 
Trunk COM Path Length during handrail grasping from Experiment 4. The 3D Path 
Length used was the average of the Reactive Unknown trials on the participant’s 
dominant side. A moderate statistically significant negative correlation was observed. 
Individuals with lower maximal grip strength had greater COM trunk motion in 3D space.  
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Figure 8.5: Correlation between maximum grip strength from Experiment 3 and peak 
lateral wrist velocity from Experiment 4. The velocity value used was the average from 
the Reactive Unknown trials on the participant’s dominant side. A strong statistically 
significant positive correlation was observed; specifically, an increase in grip strength 
was associated with increased wrist velocity during the grasping motion. 
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Figure 8.6: Correlation between maximum grip strength from Experiment 3 and the time 
from the cue until the peak of linear enveloped deltoid activation from Experiment 4. The 
deltoid activation time was the average from the Reactive Unknown trials on the 
participant’s dominant side. A moderate statistically significant negative correlation was 
observed; decreased grip strength was associated with increased time from cue to peak 
deltoid muscle activation during the grasping task. 
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Figure 8.7: Correlation between knee extensor power index from Experiment 3 and 
total movement time from cue until handrail grasping from Experiment 4. The total 
movement time used was the average from the Reactive Unknown trials on the 
participant’s dominant side. A moderate statistically significant negative correlation was 
observed; a decrease in knee extensor power was associated with increased total 
movement time. 
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Figure 8.8: Correlation between knee extensor power index from Experiment 3 and the 
time from the cue until the peak trunk COM lateral velocity from Experiment 4. The time 
was the average from the Reactive Unknown trials on the participant’s dominant side. A 
moderate statistically significant negative correlation was observed; a decrease in knee 
extensor power was associated with increased time from cue to peak lateral COM 
velocity. 

 

8.4 Discussion 

The objective of this bridging chapter was to determine if strength and body 

composition measurements were related to various reactive movement metrics from the 

lateral weight shifting task. Results demonstrate that the fat-free mass index, a measure 

of muscle mass normalized to height, was not correlated to any of the movement 

metrics from Experiment 4. Conversely, grip strength was significantly correlated to all 

of the reactive movement metrics. Clearly high grip strength measures would be 

beneficial to the generation of responses following a perturbation or a loss of balance. 

Specifically, grip strength was positively correlated with lateral COM and wrist velocity, 

and negatively correlated to total movement time, time from cue until peak deltoid 
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activity, time until peak lateral COM velocity, and 3D COM path length. While it would 

be reasonable to expect grip strength to be related to the upper limb specific variables 

such as wrist velocity and deltoid onset time, it is interesting to note that it is also related 

to variables related to full body movement. The strong negative correlation between 

maximum grip strength and the onset of peak deltoid activation might reflect a rapid rate 

of torque development but unfortunately, this could not be tested due to the low 

frequency that the Vernier hand grip dynamometer was collected at.  Since slow arm 

movements have been shown to be a predictor for falls risk in older adults (Maki et al., 

2003), the positive correlation between grip strength and wrist velocity suggests another 

reason why grip strength is an important variable to be measured. 

It is interesting that in Experiment 3 there was a significant positive correlation 

between grip strength and FFMI (Figure 6.7) and yet FFMI was not correlated with the 

reactive movement variables. This yet again supports the importance of the updates to 

the EWGSOP model (Cruz-Jentoft et al., 2019) of measuring strength first rather than 

merely muscle mass to determine sarcopenia and to infer falls risk. Knee extensor 

power, which is also a common measure used to infer strength and classify sarcopenia, 

was correlated to the total movement time and the time until peak lateral COM velocity, 

though surprisingly it was not related to the magnitude of the peak lateral COM velocity, 

unlike grip strength. This was unexpected, however, the sit-to-stand task that provided 

the data for knee extensor power was entirely a sagittal plane movement, while the 

grasping task completion was in largely in the frontal plane. 
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Yet again, while the individuals who took part in Experiments 3 and 4 were healthy 

and highly functional, we were still able to demonstrate linear associations between 

strength and favourable reactive movement metrics. While we are unable to elucidate 

mechanisms or causation through the correlation analyses conducted, the exploration of 

these linear relationships is still of interest. Previous literature has indicated that those 

with less strength fall more often (Roubenoff, 2000; Schaap et al., 2018); in this bridging 

chapter we are able to show that participants with more strength were able to complete 

the handrail grasping task quicker with more efficient movements.  

 

 

9 General Discussion 

The aims in this dissertation were to examine age-related changes to power, 

strength, body composition and mobility that may possibly account for an increased falls 

risk. The first set of experiments (Experiments 1 and 2) used a very constricted and lab-

based experimental design to test individuals for their maximum performance 

parameters specifically for knee extension. Experiment 3 focused on a more clinical 

approach looking primarily at body composition and strength metrics that are used 

internationally. Lastly, Experiment 4 looked at a more ecological task of volitionally 

grasping a handrail during forward walking. While this experiment was taking place in a 

lab setting with kinematics and EMG markers affixed to the participants, the movements 

were all voluntary as opposed to the external perturbations that are often used to 
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recreate slips and trips. Most of the older adults who participated in these studies would 

be classified as Young Old (aged 65-74; 39%) or Middle Old (aged 75-84; 42%) with the 

smallest group of participants coming from the Oldest Old (85+; 19%) category. 

The comparisons for all the statistical tests examining age-related differences 

occurred between university aged healthy young adults and healthy community-dwelling 

older adults who were at least 65 years of age. The sample of older adults who 

participated in the studies were quite healthy (able to comply with the inclusion and 

exclusion criteria) and tended to be very health conscious, which may limit the ability to 

extrapolate these results to age-matched seniors with comorbidities. This is not unique 

to our studies, however, due to the type of volunteers who are generally interested in 

taking part in academic research. Participants tend to be individuals who are health 

conscious, educated, and have the financial means to take part in exercises. Most of 

the individuals who participated in the studies in this dissertation came from the Village 

by the Arboretum retirement community in Guelph, Ontario. These residents have 

access to a gymnasium for racket-sports, a fitness center, and an indoor pool. There 

are weekly group exercise classes, tai chi, yoga, and high or low impact Aquafit classes 

available in their community center (VBA - Village By The Arboretum -Recreation 

Centre, n.d.). From an ethical standpoint, we were not able to test individuals who would 

be at risk of sustaining an injury during the testing protocols and from an experimental 

perspective, we were required to recruit individuals who would actually be able to 

complete all of the tasks. Despite knowing that we likely had a relatively fit population, 

we chose not to do a physical activity questionnaire for a number of reasons. 
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Questionnaires are often based on recall and assume that all weeks are equal; not 

considering seasonal variations which are obviously a factor in Canada (Lee et al., 

1992). Additionally, the Physical Activity Scale for the Elderly (PASE; Washburn et al., 

1993) in the past has not been very discriminating. PASE was used in a study that we 

previously published (McIntosh et al., 2013) which included 85 community-dwelling 

older adult participants from the city of Guelph, 5 of whom were considered to have 

sarcopenia. A correlation analysis found that despite having values that ranged from 

17.9 - 391.9 for PASE, it was not linearly related to FFMI (r = 0.066, p = 0.547; Figure 

9.2) or maximum hand grip strength (r=0.135, p=0.218; Figure 9.3) (data adapted from 

McIntosh et al., 2013). The questionnaire made some participants upset based on their 

low scores, it took an appreciable amount of time to administer, and it did not show an 

association with strength or body composition, therefore we decided not to use it during 

the studies in this thesis.  Despite the healthy, active, and fit population, we were still 

able to see age-related main effects in each study where we compared the young with 

older adults. This is validating, as it could be hypothesized that changes would be 

exacerbated in individuals who are less active, older, and sarcopenic or frail. 

9.1 Velocity changes with age 

Age-related changes to velocity were observed throughout this dissertation. 

Maximal knee extensor velocity as well as the velocity used to achieve maximum power 

were slower in the older adults compared to the young adults in the first Bridging 

Chapter. In Experiment 3 it was demonstrated that gait velocity in the older adults was 
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slower than the younger adults. Peak lateral COM velocity was slower in the older 

adults responding to the cues in Experiment 4 than in the younger adults and it took a 

longer amount of time to reach this velocity. Peak wrist velocity during the handrail 

grasping task was not subject to an age-effect, but only a sex effect. The reason for this 

could be linked to the task, however, since it was more than a reaching task; the 

handrails were purposely out of reach in order to require an internal perturbation 

through weight shifting. Simultaneously, no instructions were given to specifically move 

their arm as quickly as possible and therefore it is not a true measure of their maximum 

capability. Males were likely quicker than females due to anthropometrics; specifically 

having longer arms.  

Muscle fascicle lengths decrease with age which can account for a reduction in the 

capacity to achieve high velocities (Narici & Maffulli, 2010). However, even when 

contractions are normalized to fascicle length, older adults have been shown to have 

significantly lower contraction velocities relative to young adults (Thom et al., 2007). 

While we cannot speak towards the recruitment of motor units for the dynamic knee 

extension contractions in Experiments 1 and 2, participants were required to achieve 

voluntary activation levels of at least 90% during the static portion with their MVCs 

before they were allowed to continue in the study. Significant differences in both RTD 

and RVD were observed with age which suggests that the rate of cross-bridge 

attachment and detachment could play a role in the velocity changes observed with 

age. While these age-related decrements have been observed, it is positive to note that 

improvements can be made with exercise. In young and healthy males, an 8-week high-
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velocity resistance training program was able to show a 30% increase in the early 

phase of RTD which translated to a 28% increase in MVC for knee extension (Oliveira 

et al., 2016). Improvements were also observed in a cohort of middle age and older 

adults with osteoporosis who underwent a twelve week resistance training program (40 

minutes of hydraulic resistance, 3x/week; (C.-C. Huang et al., 2020)). There was a 

group by time interaction effect, which showed the control group decrease in their knee 

extension MVC by 2 N▪m at the conclusion of 12 weeks while the trained group 

increased their MVC by 18 N▪m (C.-C. Huang et al., 2020). When looking at the RTD 

value over the first 200ms of the contractions, the control group decreased by 14.6% 

while the intervention group increased by 21.0% after training (C.-C. Huang et al., 

2020). While the individuals in the aforementioned study were younger (average ages of 

66 and 69 for control and trained group, respectively) than most of the older adult 

participants in this dissertation, they also were diagnosed with osteoporosis. The 

conditions osteoporosis and sarcopenia occur so frequently together that the term 

osteosarcopenia has been suggested (Hirschfeld et al., 2017). It is therefore very 

promising to see specific improvements in RTD and MVC following progressive 

resistance training programs in both healthy young and older adults with a clinical 

diagnosis (C.-C. Huang et al., 2020; Oliveira et al., 2016). One study examined a 16 

week randomized intervention in older women (average age 73 years old) using either a 

high velocity or low velocity resistance training (Fielding et al., 2002). Both groups 

progressed to do the same relative training loads, with the only difference in instruction 

being for the concentric phase of movement; the high-velocity group was asked to 
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contract as quickly as possible while the low-velocity group was asked to move the load 

over 2 seconds (Fielding et al., 2002). While both groups showed a similar improvement 

in MVC, the high-velocity group had significantly larger improvements in peak power for 

the leg press movement following the 16 weeks of training (Fielding et al., 2002). Aging 

brings many lifestyle changes. Retirees often take up hobbies like golf and tai chi which 

are great ways to remain active, however, don’t focus on the promotion of rapid 

movements. Given the reductions in velocity and power that have been observed with 

age in the studies of this dissertation, the results from the (Fielding et al., 2002) study 

suggest that exercise training programs for older adults should try to incorporate high-

velocity movements when safe to do so. This may enable older adults to maintain the 

abilities to perform rapid change in support balance responses which are often so 

necessary in preventing falls. 

9.2 Strength changes with age 

None of the participants who underwent body composition analysis in this 

dissertation were classified as sarcopenic based on the EWGSOP definition. That said, 

there were still strength changes observed between the young and older adults. The 

average knee extensor MVC achieved by the young adult males was nearly double the 

average values for the older adult males (240 N▪m vs 129 N▪m). Similarly, the torque 

values used to generate maximum power were much larger in the young males than the 

older males for each range of motion. The grip strength tests in Experiment 3 did not 
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show significant differences, though, it did show a trend in that the younger females 

were stronger than the older females.  

Five older adults in Experiment 3 were characterized as having low grip strength 

values based on the EWGSOP cut-off values. What is even more concerning is their 

proportion of grip strength to their total fat-free mass which demonstrated that they had 

lower relative strength than their aged counterparts. While both absolute and relative 

strength are important for activities of daily living, relative strength is more critical in 

order to stay independent. Because of this, relative strength measurements should be 

considered for assessments and should be emphasized to older adults. In the literature, 

this measure is often referred to as muscle quality; the proportion of strength to mass or 

cross-sectional area (Delmonico et al., 2009; Fabbri et al., 2017). This is an important 

measure to consider, given that it has been routinely shown that the decrease in 

strength occurs faster than declines in muscle mass (Delmonico et al., 2009; 

Goodpaster et al., 2000; Janssen et al., 2002; Westbury et al., 2020). Despite all these 

age-related strength changes, as mentioned above, there have been numerous 

exercise intervention studies that have been able to show strength improvements in 

older adults. A heavy-resistance knee extensor training study found that after nine 

weeks, older males and females were able to experience type II muscle fibre 

hypertrophy, as suggested from a 19-33% increase (from pre to post) in fibre cross-

sectional area found in the vastus lateralis biopsies (Martel et al., 2006). This increase 

in type II muscle fibre size may have positive functional implications for both strength 

and velocity and yet again demonstrates the potential benefits of exercise interventions.  
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9.3 Sex differences 

Sex differences were a major theme throughout this thesis. Males were 

consistently stronger, leaner, and more powerful than the females. The strength 

difference was apparent in both the upper and lower limb muscles that were tested. 

Males had larger rates of torque development and quicker wrist movements. As outlined 

in the literature review, older females have more injury related hospitalizations than 

males (Injuries among Seniors | CIHI, 2019). The results from Experiment 3 show that, 

despite having normal levels of muscle mass, the females who were characterized as 

having low absolute grip strength also had low relative strength, which would have 

implications for injury risk. In Experiment 4 it was observed that females had slower 

responses and took a larger path to complete the task. This combination of information 

would suggest that older females may have a harder time responding to a demanding 

postural requirement and should they fall, they would have less relative strength to 

catch themselves to prevent an injury. After 5 years in a longitudinal study of older 

adults (85+ years) it was found that the males’ grip strength had declined an average of 

5.27kg while females lost 3.14kg; however, when this was normalized, that translated to 

a 21.6% strength reduction in males and a 23.7% reduction in females over 5 years in 

the late stages of life (Granic et al., 2016). This again speaks towards the importance of 

measuring both absolute and relative strength and their implications for function in older 

adults. Functional performance based sex differences are the result of males having on 

average larger bodies with more skeletal muscle mass, lower fat percentages, and 

having testosterone as their primary sex hormone (Sandbakk et al., 2018). Following 
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menopause, the decline of estrogen has been related to both bone and muscle loss in 

older females (Agostini et al., 2018). There are declines in muscle for men as well as 

testosterone level decreases with age, however, since they generally start with more 

muscle mass and strength the changes are not as functionally detrimental at the early 

part of onset and they are more gradual, unlike the changes that occur with menopause.  

9.4 Age-related cognitive changes 

Investigating age-related cognitive changes was never a main objective for this 

dissertation, however the finding of the negative correlation between dual-task TUG 

time and grip strength was a very interesting finding. Cognitive impairments have been 

shown to be significantly more prevalent in individuals with sarcopenia (Chang et al., 

2016). Based on the simplicity and cost-effectiveness of performing the dual-task TUG 

we would recommend clinicians and researchers who work with older adults to 

incorporate this task more often. In a randomized control study of frail nonagenarians, 

individuals who took part in a twice per week high-speed resistance training protocol 

improved in grip and knee extensor strength, showed an increase in quadriceps cross-

sectional area, and decreased their dual-task TUG time while counting backwards by 

ones (Cadore et al., 2014). This was in contrast to the control group, who performed 

passive movements and stretching four times a week for the duration of the study, and 

instead decreased in grip and knee extension strength as well as quadriceps cross-

sectional area and increased their dual-task TUG time (Cadore et al., 2014). These 

dual-task TUG findings are especially interesting as there was no cognitive training 
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performed in either group and the exercise group was on average 93 years of age 

compared to the 90 years in the control group. That said, the regular TUG task showed 

similar results, therefore it is likely based on an overall increased movement speed, 

especially considering that the task was only counting back by ones which was not as 

cognitively difficult as a typical 3-back test (Cadore et al., 2014).  

It was hypothesized that in Experiment 4 there would be a more pronounced 

difference in the Reactive Known and Unknown responses, indicating more processing 

time needed for the unexpected cue. The magnitude of differences between the Known 

and Unknown responses were rather variable and showed no significance between age 

groups. It would be interesting to see if this held true for individuals with sarcopenia or if 

there was an amplified change between the responses with and without preceding 

information.  

9.5 Future Directions 

There are several ways that work from this dissertation could be expanded upon. It 

would be interesting to examine the same relationships in the first Bridging chapter with 

young and older females to see if there would be an altered sex response with age. It 

would also be of interest to see if there would be differences in RTD and the ability to 

achieve peak power in individuals who were classified with sarcopenia. Would dual-task 

TUG times be amplified and would there be increased responses (increased total 

movement time and 3D path length along with a slowed velocity) in the handrail 

grasping task in adults with sarcopenia compared to the non-sarcopenic older adults? If 
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older adults underwent a high-velocity resistance training program, would they be able 

to improve their RTD enough to see increased power values even at the small range of 

motion? Lastly, it would be of interest to compare the internal perturbations of the 

handrail grasping task to external perturbations, like that from a robotic platform, to 

compare the differences between volitional maximal responses and involuntary rapid 

reactive responses. This would also show whether motivation played a role in the 

individual’s abilities, since the platform movement would force individuals to respond 

immediately or suffer the consequence of a fall (into a harness).  

9.6 Conclusion 

This dissertation provides evidence to suggest that it is important to examine more 

than maximum isometric strength values when determining the abilities of older adults. 

Where possible, strength values should be normalized to provide information on not 

only absolute but also relative strength. Every day activities require individuals to 

respond not just statically but dynamically to their environment. While the older 

individuals who participated in this dissertation were healthy, community-dwelling, and 

active, it was still demonstrated that their velocities throughout a number of varying 

activities (walking, moving laterally, and maximal knee extension while sitting) were 

reduced relative to the young adults in these studies. This relates back to the individual 

component of fall mechanisms; high-velocity resistance training should be promoted in 

older adult exercise programming when safe to do so. Increasing velocity abilities will in 
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turn improve power and will increase the likelihood of being able to respond rapidly to a 

destabilization. 

 

 

 

 

 

 

 

 

REFERENCES OR BIBLIOGRAPHY 

Aagaard, P., Simonsen, E. B., Andersen, J. L., Magnusson, P., & Dyhre-Poulsen, P. 
(2002). Increased rate of force development and neural drive of human skeletal 
muscle following resistance training. Journal of Applied Physiology, 93(4), 1318–
1326. https://doi.org/10.1152/japplphysiol.00283.2002 

Agostini, D., Donati Zeppa, S., Lucertini, F., Annibalini, G., Gervasi, M., Ferri Marini, C., 
Piccoli, G., Stocchi, V., Barbieri, E., & Sestili, P. (2018). Muscle and Bone Health 
in Postmenopausal Women: Role of Protein and Vitamin D Supplementation 
Combined with Exercise Training. Nutrients, 10(8). 
https://doi.org/10.3390/nu10081103 

Agrawal, Y., Carey, J. P., Della Santina, C. C., Schubert, M. C., & Minor, L. B. (2009). 
Disorders of Balance and Vestibular Function in US Adults: Data From the 
National Health and Nutrition Examination Survey, 2001-2004. Archives of 
Internal Medicine, 169(10), 938. https://doi.org/10.1001/archinternmed.2009.66 

Alexandre, T. S., Meira, D. M., Rico, N. C., & Mizuta, S. K. (2012). Accuracy of Timed 
Up and Go Test for screening risk of falls among community-dwelling elderly. 
Brazilian Journal of Physical Therapy, 16(5), 381–388. 
https://doi.org/10.1590/S1413-35552012005000041 



 

 

165 

 

Allen, D., Ribeiro, L., Arshad, Q., & Seemungal, B. M. (2016). Age-Related Vestibular 
Loss: Current Understanding and Future Research Directions. Frontiers in 
Neurology, 7. https://doi.org/10.3389/fneur.2016.00231 

Antunes, A. C., Araújo, D. A., Veríssimo, M. T., & Amaral, T. F. (2017). Sarcopenia and 
hospitalisation costs in older adults: A cross-sectional study. Nutrition & Dietetics, 
74(1), 46–50. https://doi.org/10.1111/1747-0080.12287 

Azizi, E., Brainerd, E. L., & Roberts, T. J. (2008). Variable gearing in pennate muscles. 
Proceedings of the National Academy of Sciences, 105(5), 1745–1750. 
https://doi.org/10.1073/pnas.0709212105 

Berchicci, M., Lucci, G., Pesce, C., Spinelli, D., & Di Russo, F. (2012). Prefrontal 
hyperactivity in older people during motor planning. NeuroImage, 62(3), 1750–
1760. https://doi.org/10.1016/j.neuroimage.2012.06.031 

Berg, R. L., Cassells, J. S., Stokes, J., Institute of Medicine (U.S.), & Committee on 
Health Promotion and Disability Prevention for the Second Fifty. (1992). The 
second fifty years: Promoting health and preventing disability. National Academy 
Press. http://site.ebrary.com/id/10056856 

Bernthal, N. M., Hoshino, C. M., Dichter, D., Wong, M., & Silva, M. (2011). Recovery of 
Elbow Motion Following Pediatric Lateral Condylar Fractures of the Humerus: 
The Journal of Bone and Joint Surgery-American Volume, 93(9), 871–877. 
https://doi.org/10.2106/JBJS.J.00935 

Bottinelli, R., Pellegrino, M. A., Canepari, M., Rossi, R., & Reggiani, C. (1999). Specific 
contributions of various muscle fibre types to human muscle performance: An in 
vitro study. Journal of Electromyography and Kinesiology, 9(2), 87–95. 
https://doi.org/10.1016/S1050-6411(98)00040-6 

Brown, J. C., Harhay, M. O., & Harhay, M. N. (2016). Sarcopenia and mortality among a 
population‐based sample of community‐dwelling older adults. Journal of 
Cachexia, Sarcopenia and Muscle, 7(3), 290–298. 
https://doi.org/10.1002/jcsm.12073 

Cadore, E. L., Casas-Herrero, A., Zambom-Ferraresi, F., Idoate, F., Millor, N., Gómez, 
M., Rodriguez-Mañas, L., & Izquierdo, M. (2014). Multicomponent exercises 
including muscle power training enhance muscle mass, power output, and 
functional outcomes in institutionalized frail nonagenarians. Age, 36(2), 773–785. 
https://doi.org/10.1007/s11357-013-9586-z 

Campos, J., Ramkhalawansingh, R., & Pichora-Fuller, M. K. (2018). Hearing, self-
motion perception, mobility, and aging. Hearing Research, 369, 42–55. 
https://doi.org/10.1016/j.heares.2018.03.025 



 

 

166 

 

Carty, C. P., Cronin, N. J., Lichtwark, G. A., Mills, P. M., & Barrett, R. S. (2012). Lower 
limb muscle moments and power during recovery from forward loss of balance in 
male and female single and multiple steppers. Clinical Biomechanics, 27(10), 
1031–1037. https://doi.org/10.1016/j.clinbiomech.2012.07.009 

Chang, K.-V., Hsu, T.-H., Wu, W.-T., Huang, K.-C., & Han, D.-S. (2016). Association 
Between Sarcopenia and Cognitive Impairment: A Systematic Review and Meta-
Analysis. Journal of the American Medical Directors Association, 17(12), 
1164.e7-1164.e15. https://doi.org/10.1016/j.jamda.2016.09.013 

Cinelli, M. E., & Patla, A. E. (2008). Task-specific modulations of locomotor action 
parameters based on on-line visual information during collision avoidance with 
moving objects. Human Movement Science, 27(3), 513–531. 
https://doi.org/10.1016/j.humov.2007.10.001 

Clark, B. C., & Manini, T. M. (2012). What is dynapenia? Nutrition, 28(5), 495–503. 
https://doi.org/10.1016/j.nut.2011.12.002 

Cost of a Standard Hospital Stay · CIHI. (2017). 
https://yourhealthsystem.cihi.ca/hsp/inbrief?lang=en#!/indicators/015/cost-of-a-
standard-hospital-stay/;mapC1;mapLevel2;/ 

Cruz-Jentoft, A. J., Baeyens, J. P., Bauer, J. M., Boirie, Y., Cederholm, T., Landi, F., 
Martin, F. C., Michel, J.-P., Rolland, Y., Schneider, S. M., Topinkova, E., 
Vandewoude, M., & Zamboni, M. (2010). Sarcopenia: European consensus on 
definition and diagnosis: Report of the European Working Group on Sarcopenia 
in Older People. Age and Ageing, 39(4), 412–423. 
https://doi.org/10.1093/ageing/afq034 

Cruz-Jentoft, A. J., Bahat, G., Bauer, J., Boirie, Y., Bruyère, O., Cederholm, T., Cooper, 
C., Landi, F., Rolland, Y., Sayer, A. A., Schneider, S. M., Sieber, C. C., 
Topinkova, E., Vandewoude, M., Visser, M., Zamboni, M., Writing Group for the 
European Working Group on Sarcopenia in Older People 2 (EWGSOP2), and the 
Extended Group for EWGSOP2, Bautmans, I., Baeyens, J.-P., … Schols, J. 
(2019). Sarcopenia: Revised European consensus on definition and diagnosis. 
Age and Ageing, 48(1), 16–31. https://doi.org/10.1093/ageing/afy169 

Csapo, R., Maganaris, C. N., Seynnes, O. R., & Narici, M. V. (2010). On muscle, tendon 
and high heels. Journal of Experimental Biology, 213(15), 2582–2588. 
https://doi.org/10.1242/jeb.044271 

Dalton, B. H., Allen, M. D., Power, G. A., Vandervoort, A. A., & Rice, C. L. (2014). The 
effect of knee joint angle on plantar flexor power in young and old men. 
Experimental Gerontology, 52, 70–76. 
https://doi.org/10.1016/j.exger.2014.01.011 



 

 

167 

 

de Freitas, M. M., de Oliveira, V. L. P., Grassi, T., Valduga, K., Miller, M. E. P., 
Schuchmann, R. A., Souza, K. L. A., de Azevedo, M. J., Viana, L. V., & de Paula, 
T. P. (2020). Difference in sarcopenia prevalence and associated factors 
according to 2010 and 2018 European consensus (EWGSOP) in elderly patients 
with type 2 diabetes mellitus. Experimental Gerontology, 132, 110835. 
https://doi.org/10.1016/j.exger.2020.110835 

Delmonico, M. J., Harris, T. B., Park, S. W., Conroy, M. B., Velasquez-Mieyer, P., 
Boudreau, R., Manini, T. M., Nevitt, M., Newman, A. B., & Goodpaster, B. H. 
(2009). Longitudinal study of muscle strength, quality, and adipose tissue 
infiltration. The American Journal of Clinical Nutrition, 90(6), 1579–1585. 
https://doi.org/10.3945/ajcn.2009.28047 

Doherty, T. J., Vandervoort, A. A., Taylor, A. W., & Brown, W. F. (1993). Effects of 
motor unit losses on strength in older men and women. Journal of Applied 
Physiology, 74(2), 868–874. https://doi.org/10.1152/jappl.1993.74.2.868 

Dowiasch, S., Marx, S., EinhÃ¤user, W., & Bremmer, F. (2015). Effects of aging on eye 
movements in the real world. Frontiers in Human Neuroscience, 9. 
https://doi.org/10.3389/fnhum.2015.00046 

Drey, M., Sieber, C. C., Degens, H., McPhee, J., Korhonen, M. T., Müller, K., Ganse, B., 
& Rittweger, J. (2016). Relation between muscle mass, motor units and type of 
training in master athletes. Clinical Physiology and Functional Imaging, 36(1), 
70–76. https://doi.org/10.1111/cpf.12195 

Dunn, W., Griffith, J. W., Sabata, D., Morrison, M. T., MacDermid, J. C., Darragh, A., 
Schaaf, R., Dudgeon, B., Connor, L. T., Carey, L., & Tanquary, J. (2015). 
Measuring Change in Somatosensation Across the Lifespan. American Journal 
of Occupational Therapy, 69(3), 6903290020p1. 
https://doi.org/10.5014/ajot.2015.014845 

Fabbri, E., Chiles Shaffer, N., Gonzalez‐Freire, M., Shardell, M. D., Zoli, M., Studenski, 
S. A., & Ferrucci, L. (2017). Early body composition, but not body mass, is 
associated with future accelerated decline in muscle quality. Journal of Cachexia, 
Sarcopenia and Muscle, 8(3), 490–499. https://doi.org/10.1002/jcsm.12183 

Fenn, W. O., & Marsh, B. S. (1935). Muscular force at different speeds of shortening. 
The Journal of Physiology, 85(3), 277–297. 
https://doi.org/10.1113/jphysiol.1935.sp003318 

Fielding, R. A., LeBrasseur, N. K., Cuoco, A., Bean, J., Mizer, K., & Singh, M. A. F. 
(2002). High-Velocity Resistance Training Increases Skeletal Muscle Peak 
Power in Older Women. Journal of the American Geriatrics Society, 50(4), 655–
662. https://doi.org/10.1046/j.1532-5415.2002.50159.x 



 

 

168 

 

Flaxman, S. R., Bourne, R. R. A., Resnikoff, S., Ackland, P., Braithwaite, T., Cicinelli, M. 
V., Das, A., Jonas, J. B., Keeffe, J., Kempen, J. H., Leasher, J., Limburg, H., 
Naidoo, K., Pesudovs, K., Silvester, A., Stevens, G. A., Tahhan, N., Wong, T. Y., 
Taylor, H. R., … Zheng, Y. (2017). Global causes of blindness and distance 
vision impairment 1990–2020: A systematic review and meta-analysis. The 
Lancet Global Health, 5(12), e1221–e1234. https://doi.org/10.1016/S2214-
109X(17)30393-5 

Franchignoni, F., Horak, F., Godi, M., Nardone, A., & Giordano, A. (2010). Using 
psychometric techniques to improve the Balance Evaluation Systems Test: The 
mini-BESTest. Journal of Rehabilitation Medicine, 42(4), 323–331. 
https://doi.org/10.2340/16501977-0537 

Fraser, S. A., Dupuy, O., Pouliot, P., Lesage, F., & Bherer, L. (2016). Comparable 
Cerebral Oxygenation Patterns in Younger and Older Adults during Dual-Task 
Walking with Increasing Load. Frontiers in Aging Neuroscience, 08. 
https://doi.org/10.3389/fnagi.2016.00240 

Ghafouri, M., McIlroy, W. E., & Maki, B. E. (2004). Initiation of rapid reach-and-grasp 
balance reactions: Is a pre-formed visuospatial map used in controlling the initial 
arm trajectory? Experimental Brain Research, 155(4), 532–536. 
https://doi.org/10.1007/s00221-004-1855-8 

Godi, M., Franchignoni, F., Caligari, M., Giordano, A., Turcato, A. M., & Nardone, A. 
(2013). Comparison of Reliability, Validity, and Responsiveness of the Mini-
BESTest and Berg Balance Scale in Patients With Balance Disorders. Physical 
Therapy, 93(2), 158–167. https://doi.org/10.2522/ptj.20120171 

Goodpaster, B. H., Kelley, D. E., Thaete, F. L., He, J., & Ross, R. (2000). Skeletal 
muscle attenuation determined by computed tomography is associated with 
skeletal muscle lipid content. Journal of Applied Physiology, 89(1), 104–110. 
https://doi.org/10.1152/jappl.2000.89.1.104 

Gordon, A. M., Huxley, A. F., & Julian, F. J. (1966). The variation in isometric tension 
with sarcomere length in vertebrate muscle fibres. The Journal of Physiology, 
184(1), 170–192. https://doi.org/10.1113/jphysiol.1966.sp007909 

Gould, H., Brennan, S. L., Kotowicz, M. A., Nicholson, G. C., & Pasco, J. A. (2014). 
Total and Appendicular Lean Mass Reference Ranges for Australian Men and 
Women: The Geelong Osteoporosis Study. Calcified Tissue International, 94(4), 
363–372. https://doi.org/10.1007/s00223-013-9830-7 

Government of Canada, S. C. (2014, October 1). Understanding seniors’ risk of falling 
and their perception of risk. https://www150.statcan.gc.ca/n1/pub/82-624-
x/2014001/article/14010-eng.htm 



 

 

169 

 

Granic, A., Davies, K., Jagger, C., Kirkwood, T. B. L., Syddall, H. E., & Sayer, A. A. 
(2016). Grip Strength Decline and Its Determinants in the Very Old: Longitudinal 
Findings from the Newcastle 85+ Study. PLoS ONE, 11(9). 
https://doi.org/10.1371/journal.pone.0163183 

Guilhem, G., Doguet, V., Hauraix, H., Lacourpaille, L., Jubeau, M., Nordez, A., & Dorel, 
S. (2016). Muscle force loss and soreness subsequent to maximal eccentric 
contractions depend on the amount of fascicle strain in vivo. Acta Physiologica, 
217(2), 152–163. https://doi.org/10.1111/apha.12654 

Gunning-Dixon, F. M., & Raz, N. (2000). The cognitive correlates of white matter 
abnormalities in normal aging: A quantitative review. Neuropsychology, 14(2), 
224–232. https://doi.org/10.1037/0894-4105.14.2.224 

Hahn, D., Bakenecker, P., & Zinke, F. (2017). Neuromuscular performance of maximal 
voluntary explosive concentric contractions is influenced by angular acceleration. 
Scandinavian Journal of Medicine & Science in Sports, 27(12), 1739–1749. 
https://doi.org/10.1111/sms.12812 

Hannah, R., Minshull, C., Buckthorpe, M. W., & Folland, J. P. (2012). Explosive 
neuromuscular performance of males versus females: Sex differences in 
explosive muscle performance. Experimental Physiology, 97(5), 618–629. 
https://doi.org/10.1113/expphysiol.2011.063420 

Helzner, E. P., Cauley, J. A., Pratt, S. R., Wisniewski, S. R., Zmuda, J. M., Talbott, E. 
O., Rekeneire, N., Harris, T. B., Rubin, S. M., Simonsick, E. M., Tylavsky, F. A., 
& Newman, A. B. (2005). Race and Sex Differences in Age-Related Hearing 
Loss: The Health, Aging and Body Composition Study: HEALTH ABC: HEARING 
LOSS RISK FACTORS. Journal of the American Geriatrics Society, 53(12), 
2119–2127. https://doi.org/10.1111/j.1532-5415.2005.00525.x 

Hill, A. (1938). The Heat of Shortening and the Dynamic Constants of Muscle. 
Proceedings of the Royal Society of London. Series B, Biological Sciences, 
126(843), 136–195. 

Hilliard, M. J., Martinez, K. M., Janssen, I., Edwards, B., Mille, M.-L., Zhang, Y., & 
Rogers, M. W. (2008). Lateral Balance Factors Predict Future Falls in 
Community-Living Older Adults. Archives of Physical Medicine and 
Rehabilitation, 89(9), 1708–1713. https://doi.org/10.1016/j.apmr.2008.01.023 

Hirschfeld, H. P., Kinsella, R., & Duque, G. (2017). Osteosarcopenia: Where bone, 
muscle, and fat collide. Osteoporosis International, 28(10), 2781–2790. 
https://doi.org/10.1007/s00198-017-4151-8 



 

 

170 

 

Holt, N. C., Danos, N., Roberts, T. J., & Azizi, E. (2016). Stuck in gear: Age-related loss 
of variable gearing in skeletal muscle. The Journal of Experimental Biology, 
219(7), 998–1003. https://doi.org/10.1242/jeb.133009 

Horowitz, A. (2004). The Prevalence and Consequences of Vision Impairment in Later 
Life: Topics in Geriatric Rehabilitation, 20(3), 185–195. 
https://doi.org/10.1097/00013614-200407000-00006 

Huang, C.-C., Wang, H.-H., Chen, K.-C., Yang, K.-J., Chang, L.-Y., Shiang, T.-Y., & Lin, 
T.-C. (2020). Effects of a dynamic combined training on impulse response for 
middle-aged and elderly patients with osteoporosis and knee osteoarthritis: A 
randomized control trial. Aging Clinical and Experimental Research. 
https://doi.org/10.1007/s40520-020-01508-0 

Huang, C.-Y., Hwang, A.-C., Liu, L.-K., Lee, W.-J., Chen, L.-Y., Peng, L.-N., Lin, M.-H., 
& Chen, L.-K. (2016). Association of Dynapenia, Sarcopenia, and Cognitive 
Impairment Among Community-Dwelling Older Taiwanese. Rejuvenation 
Research, 19(1), 71–78. https://doi.org/10.1089/rej.2015.1710 

Hughes, V. A., Frontera, W. R., Wood, M., Evans, W. J., Dallal, G. E., Roubenoff, R., & 
Singh, M. A. F. (2001). Longitudinal Muscle Strength Changes in Older Adults: 
Influence of Muscle Mass, Physical Activity, and Health. The Journals of 
Gerontology Series A: Biological Sciences and Medical Sciences, 56(5), B209–
B217. https://doi.org/10.1093/gerona/56.5.B209 

Hunter, S. K. (2009). Sex Differences and Mechanisms of Task-Specific Muscle 
Fatigue: Exercise and Sport Sciences Reviews, 37(3), 113–122. 
https://doi.org/10.1097/JES.0b013e3181aa63e2 

Huntley, A. H., Zettel, J. L., & Vallis, L. A. (2017). Older adults exhibit altered motor 
coordination during an upper limb object transport task requiring a lateral change 
in support. Human Movement Science, 52, 133–142. 
https://doi.org/10.1016/j.humov.2017.01.014 

Huxley, A. F., & Simmons, R. M. (1971). Proposed Mechanism of Force Generation in 
Striated Muscle. Nature, 233, 533–538. 

Inacio, M., Ryan, A. S., Bair, W.-N., Prettyman, M., Beamer, B. A., & Rogers, M. W. 
(2014). Gluteal muscle composition differentiates fallers from non-fallers in 
community dwelling older adults. BMC Geriatrics, 14(1), 37. 
https://doi.org/10.1186/1471-2318-14-37 

Inglis, J. G., McIntosh, K., & Gabriel, D. A. (2017). Neural, biomechanical, and 
physiological factors involved in sex-related differences in the maximal rate of 



 

 

171 

 

isometric torque development. European Journal of Applied Physiology, 117(1), 
17–26. https://doi.org/10.1007/s00421-016-3495-7 

Inglis, J. G., Vandenboom, R., & Gabriel, D. A. (2013). Sex-related differences in 
maximal rate of isometric torque development. Journal of Electromyography and 
Kinesiology, 23(6), 1289–1294. https://doi.org/10.1016/j.jelekin.2013.09.005 

Injuries among seniors | CIHI. (2019, July 11). https://www.cihi.ca/en/injuries-among-
seniors 

Inkol, K. A., Huntley, A. H., & Vallis, L. A. (2018). Modeling margin of stability with feet in 
place following a postural perturbation: Effect of altered anthropometric models 
for estimated extrapolated centre of mass. Gait & Posture, 62, 434–439. 
https://doi.org/10.1016/j.gaitpost.2018.03.050 

Janssen, I., Heymsfield, S. B., & Ross, R. (2002). Low Relative Skeletal Muscle Mass 
(Sarcopenia) in Older Persons Is Associated with Functional Impairment and 
Physical Disability. Journal of the American Geriatrics Society, 50(5), 889–896. 
https://doi.org/10.1046/j.1532-5415.2002.50216.x 

Jenkins, N., Housh, T., Traylor, D., Cochrane, K., Bergstrom, H., Lewis, R., Schmidt, R., 
Johnson, G., & Cramer, J. (2014). The Rate of Torque Development: A Unique, 
Non-invasive Indicator of Eccentric-induced Muscle Damage? International 
Journal of Sports Medicine, 35(14), 1190–1195. https://doi.org/10.1055/s-0034-
1375696 

Kadhiresan, V. A., Hassett, C. A., & Faulkner, J. A. (1996). Properties of single motor 
units in medial gastrocnemius muscles of adult and old rats. The Journal of 
Physiology, 493(2), 543–552. https://doi.org/10.1113/jphysiol.1996.sp021402 

Kalisch, T., Kattenstroth, J.-C., Kowalewski, R., Tegenthoff, M., & Dinse, H. R. (2012). 
Cognitive and Tactile Factors Affecting Human Haptic Performance in Later Life. 
PLoS ONE, 7(1), e30420. https://doi.org/10.1371/journal.pone.0030420 

Komisar, V., Maki, B. E., & Novak, A. C. (2019). Effect of handrail height and age on the 
timing and speed of reach-to-grasp balance reactions during slope descent. 
Applied Ergonomics, 81, 102873. https://doi.org/10.1016/j.apergo.2019.102873 

Krause, K. E., McIntosh, E. I., & Vallis, L. A. (2012). Sarcopenia and predictors of the fat 
free mass index in community-dwelling and assisted-living older men and 
women. Gait & Posture, 35(2), 180–185. 
https://doi.org/10.1016/j.gaitpost.2011.09.003 

Lattimer, L. J., Lanovaz, J. L., Farthing, J. P., Madill, S., Kim, S. Y., Robinovitch, S., & 
Arnold, C. M. (2018). Biomechanical and physiological age differences in a 



 

 

172 

 

simulated forward fall on outstretched hands in women. Clinical Biomechanics, 
52, 102–108. https://doi.org/10.1016/j.clinbiomech.2018.01.018 

Lee, I.-M., Paffenbarger, R. S., & Hsieh, C.-C. (1992). Time Trends in Physical Activity 
among College Alumni, 1962–1988. American Journal of Epidemiology, 135(8), 
915–925. https://doi.org/10.1093/oxfordjournals.aje.a116387 

Lin, F. R., & Ferrucci, L. (2012). Hearing Loss and Falls Among Older Adults in the 
United States. Archives of Internal Medicine, 172(4), 369–371. 
https://doi.org/10.1001/archinternmed.2011.728 

Liu, J.-X., Eriksson, P.-O., Thornell, L.-E., & Pedrosa-Domellöf, F. (2005). Fiber Content 
and Myosin Heavy Chain Composition of Muscle Spindles in Aged Human 
Biceps Brachii. Journal of Histochemistry & Cytochemistry, 53(4), 445–454. 
https://doi.org/10.1369/jhc.4A6257.2005 

Lloyd, B. D., Williamson, D. A., Singh, N. A., Hansen, R. D., Diamond, T. H., Finnegan, 
T. P., Allen, B. J., Grady, J. N., Stavrinos, T. M., Smith, E. U. R., Diwan, A. D., & 
Fiatarone Singh, M. A. (2009). Recurrent and Injurious Falls in the Year 
Following Hip Fracture: A Prospective Study of Incidence and Risk Factors From 
the Sarcopenia and Hip Fracture Study. The Journals of Gerontology Series A: 
Biological Sciences and Medical Sciences, 64A(5), 599–609. 
https://doi.org/10.1093/gerona/glp003 

Löfgren, N., Lenholm, E., Conradsson, D., Ståhle, A., & Franzén, E. (2014). The Mini-
BESTest—A clinically reproducible tool for balance evaluations in mild to 
moderate Parkinson’s disease? BMC Neurology, 14. 
https://doi.org/10.1186/s12883-014-0235-7 

Lord, S. R., Sherrington, C., Menz, H. B., & Close, J. C. T. (2007, March). Falls in Older 
People: Risk Factors and Strategies for Prevention. Cambridge Core; Cambridge 
University Press. https://doi.org/10.1017/CBO9780511722233 

Lord, S. R., Ward, J. A., Williams, P., & Anstey, K. J. (2010). An epidemiological study 
of falls in older community-dwelling women: The Randwick falls and fractures 
study. Australian Journal of Public Health, 17(3), 240–245. 
https://doi.org/10.1111/j.1753-6405.1993.tb00143.x 

Lynch, N. A., Metter, E. J., Lindle, R. S., Fozard, J. L., Tobin, J. D., Roy, T. A., Fleg, J. 
L., & Hurley, B. F. (1999). Muscle quality. I. Age-associated differences between 
arm and leg muscle groups. Journal of Applied Physiology, 86(1), 188–194. 
https://doi.org/10.1152/jappl.1999.86.1.188 



 

 

173 

 

Madhavan, S., & Shields, R. K. (2005). Influence of age on dynamic position sense: 
Evidence using a sequential movement task. Experimental Brain Research, 
164(1), 18–28. https://doi.org/10.1007/s00221-004-2208-3 

Maki, B. E., Holliday, P. J., & Topper, A. K. (1994). A Prospective Study of Postural 
Balance and Risk of Falling in An Ambulatory and Independent Elderly 
Population. Journal of Gerontology, 49(2), M72–M84. 
https://doi.org/10.1093/geronj/49.2.M72 

Maki, B. E., & McIlroy, W. E. (1997). The Role of Limb Movements in Maintaining 
Upright Stance: The “Change-in-Support” Strategy. Physical Therapy, 77(5), 
488–507. https://doi.org/10.1093/ptj/77.5.488 

Maki, B. E., McIlroy, W. E., & Fernie, G. R. (2003). Change-in-support reactions for 
balance recovery. IEEE Engineering in Medicine and Biology Magazine, 22(2), 
20–26. https://doi.org/10.1109/MEMB.2003.1195691 

Maki, B. E., Perry, S. D., & McIlroy, W. E. (1998). EFFICACY OF HANDRAILS IN 
PREVENTING STAIRWAY FALLS: A NEW EXPERIMENTAL APPROACH. 
Safety Science, 28(3), 189–206. 

Martel, G. F., Roth, S. M., Ivey, F. M., Lemmer, J. T., Tracy, B. L., Hurlbut, D. E., Metter, 
E. J., Hurley, B. F., & Rogers, M. A. (2006). Age and sex affect human muscle 
fibre adaptations to heavy-resistance strength training: Muscle fibre adaptations 
to strength training. Experimental Physiology, 91(2), 457–464. 
https://doi.org/10.1113/expphysiol.2005.032771 

Mayhew, A. J., Amog, K., Phillips, S., Parise, G., McNicholas, P. D., de Souza, R. J., 
Thabane, L., & Raina, P. (2019). The prevalence of sarcopenia in community-
dwelling older adults, an exploration of differences between studies and within 
definitions: A systematic review and meta-analyses. Age and Ageing, 48(1), 48–
56. https://doi.org/10.1093/ageing/afy106 

McIntosh, E. I., Smale, K. B., & Vallis, L. A. (2013). Predicting fat-free mass index and 
sarcopenia: A pilot study in community-dwelling older adults. AGE, 35(6), 2423–
2434. https://doi.org/10.1007/s11357-012-9505-8 

McIntosh, E. I., Zettel, J. L., & Vallis, L. A. (2017). Stepping Responses in Young and 
Older Adults Following a Perturbation to the Support Surface During Gait. 
Journal of Motor Behavior, 49(3), 288–298. 
https://doi.org/10.1080/00222895.2016.1204262 

Miller, A. E. J., MacDougall, J. D., Tarnopolsky, M. A., & Sale, D. G. (1993). Gender 
differences in strength and muscle fiber characteristics. European Journal of 



 

 

174 

 

Applied Physiology and Occupational Physiology, 66(3), 254–262. 
https://doi.org/10.1007/BF00235103 

Mitchell, T., Starrs, F., Soucy, J.-P., Thiel, A., & Paquette, C. (2019). Impaired 
Sensorimotor Processing During Complex Gait Precedes Behavioral Changes in 
Middle-aged Adults. The Journals of Gerontology: Series A, 74(12), 1861–1869. 
https://doi.org/10.1093/gerona/gly210 

Morisawa, Y. (1998). Morphological study of mechanoreceptors on the coracoacromial 
ligament*. Journal of Orthopaedic Science, 3(2), 102–110. 
https://doi.org/10.1007/s007760050029 

Narici, M. V., & Maffulli, N. (2010). Sarcopenia: Characteristics, mechanisms and 
functional significance. British Medical Bulletin, 95(1), 139–159. 
https://doi.org/10.1093/bmb/ldq008 

Narici, M. V., Maffulli, N., & Maganaris, C. N. (2008). Ageing of human muscles and 
tendons. Disability and Rehabilitation, 30(20–22), 1548–1554. 
https://doi.org/10.1080/09638280701831058 

Narici, M. V., Maganaris, C. N., Reeves, N. D., & Capodaglio, P. (2003). Effect of aging 
on human muscle architecture. Journal of Applied Physiology, 95(6), 2229–2234. 
https://doi.org/10.1152/japplphysiol.00433.2003 

Oliveira, A. S., Corvino, R. B., Caputo, F., Aagaard, P., & Denadai, B. S. (2016). Effects 
of fast-velocity eccentric resistance training on early and late rate of force 
development. European Journal of Sport Science, 16(2), 199–205. 
https://doi.org/10.1080/17461391.2015.1010593 

Palmer, T. B., Hawkey, M. J., Thiele, R. M., Conchola, E. C., Adams, B. M., Akehi, K., 
Smith, D. B., & Thompson, B. J. (2015). The influence of athletic status on 
maximal and rapid isometric torque characteristics and postural balance 
performance in Division I female soccer athletes and non-athlete controls. 
Clinical Physiology and Functional Imaging, 35(4), 314–322. 
https://doi.org/10.1111/cpf.12167 

Payette, H., Roubenoff, R., Jacques, P. F., Dinarello, C. A., Wilson, P. W. F., Abad, L. 
W., & Harris, T. (2003). Insulin-Like Growth Factor-1 and Interleukin 6 Predict 
Sarcopenia in Very Old Community-Living Men and Women: The Framingham 
Heart Study: PREDICTORS OF SARCOPENIA IN THE ELDERLY. Journal of the 
American Geriatrics Society, 51(9), 1237–1243. https://doi.org/10.1046/j.1532-
5415.2003.51407.x 



 

 

175 

 

Pijnappels, M., van der Burg, (Petra) J. C. E., Reeves, N. D., & van Dieën, J. H. (2008). 
Identification of elderly fallers by muscle strength measures. European Journal of 
Applied Physiology, 102(5), 585–592. https://doi.org/10.1007/s00421-007-0613-6 

Podsiadlo, D., & Richardson, S. (1991). The Timed “Up & Go”: A Test of Basic 
Functional Mobility for Frail Elderly Persons. Journal of the American Geriatrics 
Society, 39(2), 142–148. https://doi.org/10.1111/j.1532-5415.1991.tb01616.x 

Popescu, M. L., Boisjoly, H., Schmaltz, H., Kergoat, M.-J., Rousseau, J., 
Moghadaszadeh, S., Djafari, F., & Freeman, E. E. (2011). Age-Related Eye 
Disease and Mobility Limitations in Older Adults. Investigative Opthalmology & 
Visual Science, 52(10), 7168. https://doi.org/10.1167/iovs.11-7564 

Power, G. A., Dalton, B. H., Behm, D. G., Doherty, T. J., Vandervoort, A. A., & Rice, C. 
L. (2012). Motor Unit Survival in Lifelong Runners Is Muscle Dependent: 
Medicine & Science in Sports & Exercise, 44(7), 1235–1242. 
https://doi.org/10.1249/MSS.0b013e318249953c 

Power, G. A., Dalton, B. H., Behm, D. G., Vandervoort, A. A., Doherty, T. J., & Rice, C. 
L. (2010). Motor Unit Number Estimates in Masters Runners: Use It or Lose It? 
Medicine & Science in Sports & Exercise, 42(9), 1644–1650. 
https://doi.org/10.1249/MSS.0b013e3181d6f9e9 

Power, G. A., Dalton, B. H., & Rice, C. L. (2013). Human neuromuscular structure and 
function in old age: A brief review. Journal of Sport and Health Science, 2(4), 
215–226. https://doi.org/10.1016/j.jshs.2013.07.001 

Rahemi, H., Nigam, N., & Wakeling, J. M. (2015). The effect of intramuscular fat on 
skeletal muscle mechanics: Implications for the elderly and obese. Journal of The 
Royal Society Interface, 12(109), 20150365. 
https://doi.org/10.1098/rsif.2015.0365 

Rantanen, T., Masaki, K., He, Q., Ross, G. W., Willcox, B. J., & White, L. (2012). Midlife 
muscle strength and human longevity up to age 100 years: A 44-year prospective 
study among a decedent cohort. AGE, 34(3), 563–570. 
https://doi.org/10.1007/s11357-011-9256-y 

Raz, N. (1997). Selective aging of the human cerebral cortex observed in vivo: 
Differential vulnerability of the prefrontal gray matter. Cerebral Cortex, 7(3), 268–
282. https://doi.org/10.1093/cercor/7.3.268 

Rio, K. W., Rhea, C. K., & Warren, W. H. (2014). Follow the leader: Visual control of 
speed in pedestrian following. Journal of Vision, 14(2), 4–4. 
https://doi.org/10.1167/14.2.4 



 

 

176 

 

Robinovitch, S. N., Feldman, F., Yang, Y., Schonnop, R., Leung, P. M., Sarraf, T., Sims-
Gould, J., & Loughin, M. (2013). Video capture of the circumstances of falls in 
elderly people residing in long-term care: An observational study. The Lancet, 
381(9860), 47–54. https://doi.org/10.1016/S0140-6736(12)61263-X 

Roser, M., Ortiz-Ospina, E., & Ritchie, H. (2013). Life Expectancy. Our World in Data. 
https://ourworldindata.org/life-expectancy 

Roubenoff, R. (2000). Sarcopenia and its implications for the elderly. European Journal 
of Clinical Nutrition, 54(S3), S40–S47. https://doi.org/10.1038/sj.ejcn.1601024 

Sandbakk, Ø., Solli, G. S., & Holmberg, H.-C. (2018). Sex Differences in World-Record 
Performance: The Influence of Sport Discipline and Competition Duration. 
International Journal of Sports Physiology and Performance, 13(1), 2–8. 
https://doi.org/10.1123/ijspp.2017-0196 

Schaap, L. A., van Schoor, N. M., Lips, P., & Visser, M. (2018). Associations of 
Sarcopenia Definitions, and Their Components, With the Incidence of Recurrent 
Falling and Fractures: The Longitudinal Aging Study Amsterdam. The Journals of 
Gerontology: Series A, 73(9), 1199–1204. https://doi.org/10.1093/gerona/glx245 

Schnell, S., Friedman, S. M., Mendelson, D. A., Bingham, K. W., & Kates, S. L. (2010). 
The 1-Year Mortality of Patients Treated in a Hip Fracture Program for Elders. 
Geriatric Orthopaedic Surgery & Rehabilitation, 1(1), 6–14. 
https://doi.org/10.1177/2151458510378105 

Schutz, Y., Kyle, U., & Pichard, C. (2002). Fat-free mass index and fat mass index 
percentiles in Caucasians aged 18–98 y. International Journal of Obesity, 26(7), 
953–960. https://doi.org/10.1038/sj.ijo.0802037 

SENIAM. (2020). Surface ElectroMyoGraphy for the Non-Invasive Assessment of 
Muscles. http://www.seniam.org/ 

Shaffer, S. W., & Harrison, A. L. (2007). Aging of the Somatosensory System: A 
Translational Perspective. Physical Therapy, 87(2), 193–207. 
https://doi.org/10.2522/ptj.20060083 

Shumway-Cook, A., & Woollacott, M. H. (1995). Motor Control: Theory and Practical 
Applications (2nd ed.). Lippincott Williams & Wilkins. 

Smale, K. B., McIntosh, E. I., & Vallis, L. A. (2016). Comparison of Bioelectrical 
Impedance Analysis and Air Displacement Plethysmography in Community-
Dwelling Older Adults. Journal of Applied Gerontology, 35(5), 474–488. 
https://doi.org/10.1177/0733464813515088 



 

 

177 

 

Spector, S. A., Gardiner, P. F., Zernicke, R. F., Roy, R. R., & Edgerton, V. R. (1980). 
Muscle architecture and force-velocity characteristics of cat soleus and medial 
gastrocnemius: Implications for motor control. Journal of Neurophysiology, 44(5), 
951–960. https://doi.org/10.1152/jn.1980.44.5.951 

Studenski, S. A., Peters, K. W., Alley, D. E., Cawthon, P. M., McLean, R. R., Harris, T. 
B., Ferrucci, L., Guralnik, J. M., Fragala, M. S., Kenny, A. M., Kiel, D. P., 
Kritchevsky, S. B., Shardell, M. D., Dam, T.-T. L., & Vassileva, M. T. (2014). The 
FNIH Sarcopenia Project: Rationale, Study Description, Conference 
Recommendations, and Final Estimates. The Journals of Gerontology: Series A, 
69(5), 547–558. https://doi.org/10.1093/gerona/glu010 

Swash, M., & Fox, K. P. (1972). The effect of age on human skeletal muscle studies of 
the morphology and innervation of muscle spindles. Journal of the Neurological 
Sciences, 16(4), 417–432. https://doi.org/10.1016/0022-510X(72)90048-2 

Takai, Y., Ohta, M., Akagi, R., Kanehisa, H., Kawakami, Y., & Fukunaga, T. (2009). Sit-
to-stand Test to Evaluate Knee Extensor Muscle Size and Strength in the Elderly: 
A Novel Approach. Journal of PHYSIOLOGICAL ANTHROPOLOGY, 28(3), 123–
128. https://doi.org/10.2114/jpa2.28.123 

The Ontario Building Code | Handrails. (n.d.). Retrieved March 26, 2020, from 
http://www.buildingcode.online/417.html 

Thom, J. M., Morse, C. I. ., Birch, K. M., & Narici, M. V. (2007). Influence of muscle 
architecture on the torque and power–velocity characteristics of young and 
elderly men. European Journal of Applied Physiology, 100(5), 613–619. 
https://doi.org/10.1007/s00421-007-0481-0 

Tillin, N. A., Jimenez-Reyes, P., Pain, M. T. G., & Folland, J. P. (2010). Neuromuscular 
Performance of Explosive Power Athletes versus Untrained Individuals: Medicine 
& Science in Sports & Exercise, 42(4), 781–790. 
https://doi.org/10.1249/MSS.0b013e3181be9c7e 

Tinetti, Speechley, M., & Ginter, S. (1988). Risk factors for falls among elderly persons 
living in the community. 319(26), 1701–1707. 

Tseng, S.-C., Stanhope, S. J., & Morton, S. M. (2009). Impaired Reactive Stepping 
Adjustments in Older Adults. The Journals of Gerontology Series A: Biological 
Sciences and Medical Sciences, 64A(7), 807–815. 
https://doi.org/10.1093/gerona/glp027 

van den Bogaart, M., Bruijn, S. M., van Dieën, J. H., & Meyns, P. (2020). The effect of 
anteroposterior perturbations on the control of the center of mass during treadmill 



 

 

178 

 

walking. Journal of Biomechanics, 109660. 
https://doi.org/10.1016/j.jbiomech.2020.109660 

VBA - Village By The Arboretum -Recreation Centre. (n.d.). Retrieved April 10, 2020, 
from https://www.vba-guelph.org/villagecentre.html 

Viljanen, A., Kaprio, J., Pyykkö, I., Sorri, M., Koskenvuo, M., & Rantanen, T. (2009). 
Hearing Acuity as a Predictor of Walking Difficulties in Older Women. Journal of 
the American Geriatrics Society, 57(12), 2282–2286. 
https://doi.org/10.1111/j.1532-5415.2009.02553.x 

Wallace, J. W., Power, G. A., Rice, C. L., & Dalton, B. H. (2016). Time-dependent 
neuromuscular parameters in the plantar flexors support greater fatigability of old 
compared with younger males. Experimental Gerontology, 74, 13–20. 
https://doi.org/10.1016/j.exger.2015.12.001 

Washburn, R. A., Smith, K. W., Jette, A. M., & Janney, C. A. (1993). The physical 
activity scale for the elderly (PASE): Development and evaluation. Journal of 
Clinical Epidemiology, 46(2), 153–162. https://doi.org/10.1016/0895-
4356(93)90053-4 

Weaver, T. B., Hamilton, L. E., & Tokuno, C. D. (2012). Age-related changes in the 
control of perturbation-evoked and voluntary arm movements. Clinical 
Neurophysiology, 123(10), 2025–2033. 
https://doi.org/10.1016/j.clinph.2012.03.012 

Westbury, L. D., Syddall, H. E., Fuggle, N. R., Dennison, E. M., Cauley, J. A., Shiroma, 
E. J., Fielding, R. A., Newman, A. B., & Cooper, C. (2020). Long-term rates of 
change in musculoskeletal aging and body composition: Findings from the 
Health, Aging and Body Composition Study. Calcified Tissue International. 
https://doi.org/10.1007/s00223-020-00679-2 

Wilkie, D. R. (1950). The relation between force and velocity in human muscle. Journal 
of Physiology, 110, 249–280. 

Winairuk, T., Pang, M., Saengsirisuwan, V., Horak, F., & Boonsinsukh, R. (2019). 
Comparison of measurement properties of three shortened versions of the 
balance evaluation system test (BESTest) in people with subacute stroke. 
Journal of Rehabilitation Medicine, 51(9), 683–691. 
https://doi.org/10.2340/16501977-2589 

Winter, D. A., Patla, A. E., Prince, F., Ishac, M., & Gielo-Perczak, K. (1998). Stiffness 
Control of Balance in Quiet Standing. Journal of Neurophysiology, 80(3), 1211–
1221. https://doi.org/10.1152/jn.1998.80.3.1211 



 

 

179 

 

Winter, D. A., & Rogers, M. (1992). Foot Trajectory in Human Gait: A Precise and 
Multifactorial Motor Control Task. Physical Therapy, 72(1), 45–53. https://doi-
org.subzero.lib.uoguelph.ca/10.1093/ptj/72.1.45 

Woo, N., & Kim, S. H. (2014). Sarcopenia influences fall-related injuries in community-
dwelling older adults. Geriatric Nursing, 35(4), 279–282. 
https://doi.org/10.1016/j.gerinurse.2014.03.001 

Worden, T. A., De Jong, A. F., & Vallis, L. A. (2016). Do characteristics of a stationary 
obstacle lead to adjustments in obstacle stepping strategies? Gait & Posture, 43, 
38–41. https://doi.org/10.1016/j.gaitpost.2015.10.018 

Yingyongyudha, A., Saengsirisuwan, V., Panichaporn, W., & Boonsinsukh, R. (2016). 
The Mini-Balance Evaluation Systems Test (Mini-BESTest) Demonstrates Higher 
Accuracy in Identifying Older Adult Participants With History of Falls Than Do the 
BESTest, Berg Balance Scale, or Timed Up and Go Test: Journal of Geriatric 
Physical Therapy, 39(2), 64–70. https://doi.org/10.1519/JPT.0000000000000050 

Zajac, F. E. (1989). Muscle and Tendon: Properties, Models, Scaling, and Application to 
Biomechanics and Motor Control. CRC Critical Reviews in Biomedical 
Engineering, 17, 359–411. 

Zettel, J. L., McIlroy, W. E., & Maki, B. E. (2002). Environmental constraints on foot 
trajectory reveal the capacity for modulation of anticipatory postural adjustments 
during rapid triggered stepping reactions. Experimental Brain Research, 146(1), 
38–47. https://doi.org/10.1007/s00221-002-1150-5 

Zuckerman, J. D. (1996). Hip Fracture. New England Journal of Medicine, 334, 1519–
1525. 

 



 

 

180 

 

Appendices - Supplementary Figures

-0.2

0.0

0.2

0.4

0.6

Time from Cue to Deltoid Activation

D
if

fe
re

n
c
e
  
V

a
lu

e
s

(R
e

a
c

ti
v
e

 U
n

k
n

o
w

n
 -

 K
n

o
w

n
)

-0.4

-0.2

0.0

0.2

0.4

Time from Cue to Peak COM Velocity

D
if

fe
re

n
c
e
  
V

a
lu

e
s

(R
e

a
c

ti
v
e

 U
n

k
n

o
w

n
 -

 K
n

o
w

n
)

Older Adult Females

Younger Adult Females

Older Adult Males

Young Adult Males

0.00

0.05

0.10

0.15

0.20

0.25

Trunk COM 3D Path Length

D
if

fe
re

n
c
e
  
V

a
lu

e
s

(R
e

a
c

ti
v
e

 U
n

k
n

o
w

n
 -

 K
n

o
w

n
)

-0.2

0.0

0.2

0.4

0.6

0.8

Total  Movement Time

D
if

fe
re

n
c
e
  
V

a
lu

e
s

(R
e

a
c

ti
v
e

 U
n

k
n

o
w

n
 -

 K
n

o
w

n
)

-0.5

0.0

0.5

1.0

1.5

Time from Cue to Peak COM Velocity

D
if

fe
re

n
c
e
  
V

a
lu

e
s

(R
e

a
c

ti
v
e

 U
n

k
n

o
w

n
 -

 K
n

o
w

n
)

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

Peak  Wrist Velocity

D
if

fe
re

n
c
e
  
V

a
lu

e
s

(R
e

a
c

ti
v
e

 U
n

k
n

o
w

n
 -

 K
n

o
w

n
)

 



 

 

181 

 

Figure 9.1: Difference values between Reactive Unknown and Reactive Known trials for each of the 
reported variables from Experiment 4. There were no statistical differences for the magnitude of change 
between each group between the Reactive Unknown or Reactive Known trials, however, the amount of 
individual variability suggests that participants may have used the information differently.  
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Figure 9.2: Correlation data between FFMI and PASE scores adapted from (McIntosh 
et al., 2013) to demonstrate a lack of linear association between amount of muscle and 
the estimated physical activity score. 
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Figure 9.3: Correlation data between maximum hand grip strength and PASE scores 
adapted from (McIntosh et al., 2013) to demonstrate a lack of linear association 
between strength and the estimated physical activity score 
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General Health Information Sheet – EXPERIMENTS 1 & 2 
 

To be completed by researcher 

1. Sex:    Male     Female    

2. What is your age?     

3. Have you had any orthopedic surgeries?              YES           NO 

 If yes, specify: 
______________________________________________________________________
________ 

4. Have you ever experienced any muscle or skeletal problems?*     YES                  NO 

 If yes, specify: 
_____________________________________________________ 

5. Do you have any family history of dementia or Parkinson’s disease?*     YES        NO 

 If yes, which one and how severe? 
_____________________________________ 

6. Are there any genetic diseases within your family that deal with muscular or skeletal 
degeneration or dysfunction?*          YES           NO 

 If yes, specify: __________________________ 

7. Do you have any inner ear or vestibular problems? *                     YES               NO 

8.  Do you have diabetes?  *         YES            NO 

 If yes, have you had foot problems (i.e. loss of feeling or circulation)?  YES    NO 

 If yes, how severe?_________________________________________________ 

9. Do you walk with any sort of aide (i.e. walker, cane)?*    YES  NO 



 

 

184 

 

If yes, what kind(s) of aid? ___________________________________________    
*All baseline individuals must say NO to be eligible.  

10. Can you perform all the activities in your daily living independently?*   YES      NO 

 If no, what activities cause problems: __________________________________ 

  *All baseline individuals must say YES to be eligible.  

11. Do you ever feel dizzy or nauseous when you… 

 

  look at the sky?    YES  NO 

  look at the ceiling/floor?   YES  NO 

  take the elevator?    YES  NO 

  are sitting down and reading?  YES  NO 

  are riding in an automobile?  YES  NO 

  pass from indoors to outdoors?  YES  NO 

  pass from outdoors to indoors?  YES  NO 

  are washing your hair in the shower? YES  NO 

 

12. Do you have any sensitivity or allergic responses to adhesives?  

13. Are you pregnant?  

14. Do you have osteoporosis?  

15. Height (cm)  

16. Weight (kg)  

 
*Participants will be excluded at the discretion of the administrator if any of their 
responses deem that they would be unable to complete a portion of the protocol.  



 

 

185 

 

 

Department of Human Health & Nutritional Sciences 

General Health Information and Screening Form  - Experiments 3 & 4 

Subject ID:  ________________   Age: _____________ 

Sex:   Male       Female       Other  

Height (m): ___________________   Weight (kg): ___________________ 

Please note that you do not have to answer any of the following questions if you are 
uncomfortable, however we require this information for your safe participation in the 
study. 

Exclusion answer: Refusal to answer any of the questions below.  

Subject Information Circle Exclude? 

Are you right or left handed? R     L   both   

Have you ever participated in any walking or obstacle avoidance studies 

before? (Asked to assess past experience in a laboratory setting) 

   Y        N 
 

Are you able to walk one city block (approximately 200 m) consecutively 

without assistance? No = excluded for safety reasons 

   Y        N 
 

Do you live in a house or apartment? Circle answer.  Y     N  

(If live in apartment) Do you live in a special senior’s building i.e. with 
nursing support and prepared meals? 

 Y     N  
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(If do not live in house or apartment) Determine what kind of institution they live in, and indicate here. 
 
       ____________________________________________________ 

Do you require assistance from others for meal preparation, house 
cleaning, or other activities? (If yes, indicate below which activities require 
assistance) 

                          
___________________________________________________ 

 Y     N 

 

 

Do you drive, take public transportation, or take taxis on your own?  Y     N  

 

*Note to REB: The above questions on housing are presented to establish if a potential 
participant is a community-dwelling older adult as compared to living in an assisted care facility; 
due to the nature of our protocol we will be excluding individuals who reside in a 
institutional/care facility; in our experience, these individuals have more complex health 
conditions/problems with mobility. Future work may include these individuals. 

 

1. Have you ever had a fracture or joint injury, e.g. sprains or strain of muscles?    YES        NO 

If so, what joint/limb was affected and when did the injury occur?  

____________________________________________________________________________ 

Exclusion answer: Any recent injury to the lower limbs or back.  

 

2. Do you have any history of metabolic disorders, e.g. diabetes (Type 1 or 2) neuropathy, that 
you feel restricts or alters your activities of daily living? 

____________________________________________________________________________ 

Exclusion answer: Diagnosed with Type 1 or 2 diabetes or if their physician has indicated that 
they have pre-diabetic symptoms. 

 
3. Are you taking any medications? Please specify. 



 

 

187 

 

____________________________________________________________________________ 

Exclusion answer: The participant is taking medication or a combination of medications 
that may place them at risk (list at end of document). 

 
4.  Have you ever been told that you have a heart problem? If so, please specify. 

____________________________________________________________________________ 

 Exclusion answer: Yes, only participants without known cardiovascular disease are being 
recruited. 
 
5. Have you ever been told that you have a breathing problem such as asthma? 

____________________________________________________________________________ 

Not exclusionary but will necessitate that the participant brings with them the necessary 
inhalers, etc. for the exercise testing visits. Question used to assess participant risk. 
 
6. Do you have any pre-existing neurological conditions that would preclude you from 
participating in this research, e.g. Parkinson’s Disease, Peripheral Neuropathy, Huntington’s 
Disease, Amyotrophic Lateral Sclerosis (ALS)? 
 
 

Exclusion answer: Yes; Only participants without known neurological disorders are being 
recruited. 
  

7. Have you ever experienced a bout of dizziness or have you been diagnosed with vertigo? 

 

Exclusion answer: Yes; participants who have regular bouts of dizziness (once or more a week) 
or vertigo will excluded from the study for their own safety. If these bouts are NOT frequent (less 
than once a week) we will be extra diligent and also remind the participants to take breaks and 
to let us know if they feel dizzy or nauseous during the protocol.  

 

8. Have you been diagnosed with osteoporosis or do you suspect that you have brittle bones? 

 

Exclusion answer: Yes; participants who have or who suspect that they are osteoporotic will 
excluded from the study for their own safety 
 
9.  [for older adult participants] This project will require you to participate in a test called 
Bioimpedance Analysis, which is not recommended if you use a pacemaker. You do not 
have to tell us if this is the case but you should know the risks associated with this scan; 
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we would recommend that you decline participation in this study until you discuss this 
with your primary care provider. 

** Only medications that may affect balance will exclude participation within this study. 
These include any from the chart below: 

EXCLUSIONS 

Tranquilizers chlorpromazine, flupenthixol, fluphenazine, fluspirilene, haloperidol, loxapine 

Mesoridazine, pericyazine, perphenazine, pimozide, pipotiazine, 
prochlorperazine, thioridazine, thiothixene, trifluoperazine 

Sedatives Benzodiazepenes: alprazolam, bromazepam, Chlordiazepoxide, clorazepate 
(choral hydrate),diazepam/valium, flurazepam, lorazepam, meprobamate, 
methotrimeprazine nitrazepam, oxazepam, temazepam, triazolam, 

Barbiturates: amobarbital, butabarbital, pentobarbital, secobarbital  

Antidepressants Tricyclics: amitryptyline, desipramine, doxepin, Imipramine, nortriptyline, 
protriptyline, trimipramine,.  

SSRIs:  sertraline, paroxetine, 

M-Ox In: fluoxetine, fluvoxamine, phenelzine, tranylcypromine 

Other: amoxapine, maprotiline, trazodone 

*NOTE: if participants are taking one or more of the above medications they will be excluded 

from participating in this study due to concerns for their personal safety. 

Additional Notes:  

 

*Note to REB: If any answers are provided to the above questions that are deemed 
Exclusionary by the Principle Investigator (Dr. Vallis), participants will be thanked for their 
time and this document will be shredded. 


