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ABSTRACT 
 

Introduction: Bone loss, fractures, and declining physical performance are associated 

with muscle atrophy and fat infiltration.  Muscle structure and composition differences 

may be apparent between women with and without osteoporosis (OP).  

Purpose: To: 1) evaluate the effect of a time period spent in supine on magnetic 

resonance imaging (MRI) measures of muscle size and diffusion properties in young and 

older women; 2) assess the feasibility of applying three MRI scanning methods to 

evaluate macrostructural and microstructural properties of leg muscles in older women; 

and 3) compare musculoskeletal tissue structure and composition between older women 

with and without OP, and to determine the relationships between bone, muscle, fat, and 

physical performance. 

Methods:  Sixteen young and older women had their legs scanned with MRI at baseline 

and after 30 and 60 minutes of supine resting.  Feasibility of recruitment, participant 

tolerance to scanning, and image acquisition and analysis protocols were assessed.  

Thirty-five moderately active, older women with and without OP underwent MRI and 

peripheral quantitative computed tomography scanning of the leg and performed physical 

performance tests.  

Results: In young and older women, muscle size did not change with time spent supine, 

but water diffusivity decreased in some muscle regions.  It is feasible to perform a single 

session of three MRI scanning techniques in older women.  Women with and without OP 

had similar musculoskeletal structure that showed fat infiltration is associated with 

reduced bone strength and slower gait speed.  
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Conclusions: In young and older women, muscle size is unaffected by a period of supine 

rest, but time spent in supine may modify water diffusivity measures.  It is feasible to use 

a combination of MRI scanning techniques to evaluate leg muscle structure in older 

women.  MRI improves our understanding of the relationships among muscle, fat, bone, 

and physical performance.   
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CHAPTER ONE 

 

INTRODUCTION TO THE THESIS 

  

 The overall goal of this doctoral thesis has been to determine whether women with 

and without osteoporosis exhibit differences in leg muscle structure and composition, as 

measured by advanced magnetic resonance imaging (MRI) scanning methods. 

 As a component of the candidate’s PhD degree requirements in the School of 

Rehabilitation Science at McMaster University, this sandwich thesis consists of an 

introductory chapter, three interrelated manuscripts, and a general discussion.  The 

introduction (Chapter One) provides the background to the thesis and introduces the 

reader to: characteristics of the healthy and pathologic aging musculoskeletal system, 

interrelationships between musculoskeletal tissues, pharmacologic and non-

pharmacologic treatment strategies for osteoporosis, and medical imaging techniques for 

measuring musculoskeletal structure and composition.  Furthermore, the introduction 

reviews literature describing the application of MRI methods to evaluate leg muscle 

structure and composition in women and presents the purpose of the thesis and specific 

objectives underpinning the design and conduct of each thesis study.  Each study is 

presented as an independent chapter in manuscript format compliant with instructions for 

submission to target peer review journals.  Chapters Two and Three describe protocol 

development and feasibility assessment, respectively.  Chapter Four describes the final 

cross-sectional observational study of postmenopausal women in which the MRI-based 
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musculoskeletal outcomes, bone outcomes, and physical performance outcomes are 

assessed.  The final chapter (Chapter Five) summarizes the extent to which the thesis 

study results address the goal to determine whether women with and without osteoporosis 

exhibit differences in skeletal muscle structure and composition.  The scientific 

contribution and future research directions based on the findings are highlighted in the 

final chapter.  
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1.1 MUSCULOSKELETAL AGING   

 The aging process is associated with progressive decline in muscle mass and bone 

mineral density, and concomitant increases in fat mass.  These changes may lead to 

musculoskeletal conditions that predispose older adults to mobility impairments, falls, 

fractures, and frailty.  To mitigate the increasing public health burden of musculoskeletal 

conditions, prevention and rehabilitation strategies require a greater understanding of 

their determinants.  This section describes characteristics of aging skeletal muscle and 

bone, with an emphasis on the lower extremity and the effect of female hormone changes 

accompanying the menopausal transition.   

1.1.1 Characteristics of aging skeletal muscle  

 Muscle function is an important predictor of mobility, independence, 

hospitalization, and mortality [1-3].  Age-related declines in physical function are 

attributed to both macrostructural (e.g., muscle mass) and microstructural (e.g., fibre size) 

changes in skeletal muscle.  Reduced muscle mass is the most noticeable and unavoidable 

consequence of the aging process [4].  Muscle mass begins to decrease in mid-adulthood, 

however it generally becomes noticeable in women around the time of menopause [5].  

After menopause, the involuntary loss of muscle mass is approximately 0.6% annually 

[6].  As muscle mass is lost, muscle weakness ensues [1]; however, the two processes 

have different trajectories.  In adults aged over 70y, muscle weakness occurs at a faster 

rate than the rate of loss of muscle mass [7] and both decline more rapidly in the lower 

extremities than in the upper extremities [8].  The mechanism of muscle strength loss is 

complex.  Muscle strength is an independent predictor of mobility impairments, which is 
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evident in women as young as 55y of age [1, 8].  Although muscle macrostructure, 

measured as cross-sectional area (CSA), density, and volume, are considered adequate 

surrogates of muscle force [9-13], there are several microstructural alterations in skeletal 

muscle that also contribute to the age-related decline in physical performance.  

 Several characteristics of muscle microstructure are considered to be important 

determinants of physical functioning.  A large body of research has characterized muscle 

fibre changes with aging using histological staining techniques from biopsy specimens.  

In general, aged muscle has fewer total numbers of fibres and motor units [14, 15].  While 

type I (i.e., slow-twitch) fibre size remains unchanged, the overall proportion of type I 

fibres increases with age [16, 17].  Conversely, type II (i.e., fast-twitch) fibre area is 

reduced and fibre atrophy becomes evident in type II fibres [16, 17].  As muscle fibre 

size, number, and activation is reduced, there is a gradual infiltration of non-contractile 

tissue within skeletal muscle.  The non-contractile tissue in aging muscle is typically 

characterized as fat or fascia that reduces the proportion of contractile tissue available for 

activation by alpha motoneurons.  This reduces the magnitude of force produced by 

activated muscles [18].  An accumulation of fat within and around muscle fibres 

adversely affects metabolism and physical function, evidenced by poor insulin sensitivity, 

slower gait speed, and longer stair ascent and descent times [19-21].  

1.1.2 Characteristics of aging bone 

 Bone turnover in adulthood is attributed to remodeling.  Beginning at the age of 

40y, bone formation by osteoblasts and resorption by osteoclasts becomes progressively 

imbalanced as the reduction in osteoblast vitality exceeds that of the osteoclasts.  A net 
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loss of bone mass and density is a normal consequence of aging.  The rate of bone loss in 

women is accelerated due to cessation of menstruation and decline in ovarian hormone 

production, or menopause, around the age of 51y.  During the ten-year menopausal 

transition women can lose 2.5 to 3% of their bone mass annually [22, 23].  After the 

menopausal transition, women and men lose bone mass at a similar rate, but women never 

recover bone lost during menopause and a significant deficit in bone mass persists 

thereafter.  Thus, women can lose up to 25% of their total bone mineral between the onset 

of menopause and the age of 75y [24].  

 In the absence of estrogen, the rate of bone remodeling is accelerated by the 

increased recruitment and activation of osteoclasts [25].  Both trabecular and cortical 

bone compartments are affected by estrogen depletion, but trabecular bone has a larger 

metabolically active surface area and, consequently, greater bone loss is observed in that 

bone compartment.  The trabecular bone compartment loses mineral mass and density due 

to thinning of bone plates and rods comprising the trabecular network and increased 

perforations enlarge marrow pore sizes after menopause [26].  Cortical bone also 

becomes increasingly porous [27, 28] and sustains a significant amount of resorption on 

the endosteal surface [29] described as trabecularization.  Since bone strength is a product 

of mineral density, size, and mineral content, an increased amount of periosteal 

apposition in the long bone of the skeleton of postmenopausal women increases the bone 

size to preserve its strength [29].  Reductions in bone mineral density (BMD), which 

primarily occur within the perimenopausal years, are reported to be of similar magnitude 

in the upper and lower extremities [27, 30, 31].  Thus, reduced BMD, cortical thinning, 
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and compromised microarchitecture associated with the menopausal transition are major 

contributing factors to bone fragility and fracture.  

 

1.2 CONDITIONS ASSOCIATED WITH MUSCULOSKELETAL AGING 

1.2.1 Sarcopenia 

 Irwin Rosenberg is credited with coining the term “sarcopenia” from the Greek 

meaning “poverty of flesh” [32].  Based on a recent international consensus, the 

definition of sarcopenia has evolved and is defined as “the age-associated loss of skeletal 

muscle mass and function.  Sarcopenia is a complex syndrome that is associated with 

muscle mass loss alone or in conjunction with increased fat mass” [33].  While sarcopenia 

is an inevitable consequence of aging, it lacks standardized assessment methods and a 

clinically accepted clinical definition.  According to the International Working Group on 

Sarcopenia, older adults should be evaluated for sarcopenia if they present with: obvious 

declines in physical performance (i.e., mobility difficulty, strength loss), recurrent falls, 

unintentional weight loss of  >5%, recent hospitalization or extended immobilization, or 

chronic conditions associated with muscle loss (e.g., Type II diabetes (T2D), chronic 

heart failure, chronic kidney disease) [33].  

 The etiology of sarcopenia is attributed to muscle atrophy and the loss of Type II 

muscle fibres [34].  The decline in muscle function associated with sarcopenia is 

attributed to structural changes in muscle associated with age-related atrophy.  With 

aging, functional deficits are associated with reduced recruitment and activation of motor 

units, reduced insulin sensitivity, and dysfunctional mitochondria [33, 35, 36].  Reduced 



Ph. D. Thesis - A. L. Lorbergs;  McMaster University - School of Rehabilitation Science 

 7 

levels of physical activity contribute to muscle atrophy and the concomitant reduction in 

muscle quality due to the infiltration of fat and other connective tissue [37].  Several 

systemic and local factors are also recognized for their influence on the sarcopenic 

muscle phenotype, including oxidative stress, reduced endocrine function, and 

inflammation [38].  Common components among criteria employed to diagnose 

sarcopenia include the ratio of low appendicular fat-free lean mass to height squared and 

a gait speed of less than 1m/s [33].  It is worth noting that the prevalence of sarcopenia 

varies greatly depending on the diagnostic criteria applied.  Using the fat-free lean mass 

ratio definition above, the prevalence of sarcopenia is largely underestimated [39].  Still, 

based on this definition, sarcopenia affects as many as 30% of all adults aged over 60y 

and 50% of adults over 80y [40].  The costs associated with sarcopenia are remarkable. In 

the United States $18.5 billion in healthcare expenditures was spent on sarcopenia in 

2000 [41].  As the number and proportion of older adults continues to rise, the estimated 

direct healthcare costs attributable to sarcopenia will also increase substantially. 

1.2.2 Osteoporosis  

 Osteoporosis (OP) is defined as a systemic skeletal disorder that is characterized 

by low bone mass and deterioration of bone microarchitecture that increases one’s risk of 

fracture [42].  The clinical diagnosis of OP is based on areal BMD (aBMD) measurement 

performed using dual energy X-ray absorptiometry (DXA).  In 2002, the WHO defined 

BMD thresholds by which an individual’s bone status could be classified. Normal bone 

mass, low bone mas (i.e., osteopenia), and pathological bone loss (i.e., OP) are defined 

based on standard deviation score (T-score) determined for aBMD measured at the hip 
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and spine as compared to aBMD values for healthy gender-matched young adults [43].  

Table 1.1 presents the WHO BMD T-score thresholds for clinical diagnosis of bone 

health.  In Canada, an individual’s 10-year absolute fracture risk is estimated based on the 

BMD results at the femoral neck in combination with sex, age and clinical risk factors 

[44].  Based on the WHO definition, 1.4 million Canadians have OP and the majority are 

women over the age of 65y [45].  

 

Table 1.1: WHO thresholds guiding clinical diagnosis of osteopenia and osteoporosis 

 

STATUS T-SCORE 

Normal > −1.0 

Osteopenia Between −1.0 and −2.5 

Osteoporosis < −2.5 

Severe (established) osteoporosis ≤ −2.5 + fragility fracture 

 

 Women are more likely to develop OP than men because men gain more bone 

mass during puberty and lose less during aging since they do not experience the rapid loss 

associated with perimenopause and the abrupt loss of estrogen.  The most serious 

consequence of OP is a fragility fracture.  Fracture risk is greater for women than men, 

with predicted incidences at 1 in 3 and 1 in 5, respectively [45].  The most common 

fragility fracture sites are the hip, spine, and wrist [46].  Of these fragility fracture sites, 

hip fractures are the most debilitating whereas fractures at the distal radius and vertebrae 

are most common [45].  The distal radius and vertebra are predominantly trabecular bone 

sites and thus the incidence of fracture at these sites coincides with the rapid loss of bone 
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mineral attributed to the early perimenopausal transition [26, 47].  Vertebral fractures are 

especially critical to identify clinically because they are the hallmark of OP and predict 

future fragility fractures, including hip fractures [48].  Depending on fracture site and 

severity, the consequences of osteoporotic fracture include pain, mobility impairments, 

poor quality of life, and mortality [49, 50].  Fractures also contribute to an enormous 

economic burden.  In Canada, it is estimated that acute healthcare costs associated with 

osteoporotic fractures are $1.2 billion annually, yet this estimate rises to nearly $4 billion 

when outpatient treatment, prescriptions, and long-term care costs are included [51].  

1.2.2.1 Non-pharmacologic treatment of osteoporosis 

 The specific treatment approach for individuals with OP is dependent largely upon 

the nature of the decrease in BMD and the presence of clinical risk factors.  Non-

pharmacologic treatment options are generally viewed as healthy lifestyle habits that can 

mitigate BMD decline and help prevent fragility fractures.  The 2010 Canadian Clinical 

Practice Guidelines for OP recommend that all adults aged 50y and older have an 

adequate daily intake of calcium (1200 mg) and vitamin D (800–2000 IU), regularly 

engage in active weight-bearing exercise, and partake in fall-prevention strategies [52].  

 Combined calcium and vitamin D are known to have a protective effect on bone 

aBMD [53].  A meta-analysis suggested that there is an 18% decrease in the relative risk 

of non-vertebral fracture associated with calcium and vitamin D supplementation [54].  In 

adults aged over 65y, vitamin D deficiency is associated with increased fat infiltration in 

thigh muscles, impaired balance, and slower gait [55].  A minimum of 800 IU/day of 
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vitamin D has been shown to significantly improve body sway and lower extremity 

strength, thus decreasing the likelihood of falls [56].  

 Physical activity and exercise are also recommended for preventing bone loss, 

falls, and fractures [45, 52, 57].  Weight-bearing exercise results in modest improvements 

for BMD at the spine [58] and cortical bone geometry at the tibia [59].  Based on the 

Grading of Recommendations Assessment, Development, and Evaluation method, an 

international consensus process recently published a statement that strongly recommends 

that individuals with OP engage in a multicomponent exercise program that includes 

resistance training in combination with balance training [57].  Thus, in addition to 

mechanical benefits of weight-bearing on bone remodeling, combination exercise 

programs focus on muscle strengthening and balance exercises to reduce the likelihood of 

falls [60].  Since bone tissue is less responsive to mechanical stimuli with advancing age, 

the goal of exercise is to slow the loss of bone [61].  A potential explanation for the lack 

of efficacy of exercises aiming to increase bone strength in postmenopausal women with 

OP may be impairment at the level of the muscle which prevents the generation of 

dynamic bone strains above the critical threshold for maintaining bone strength. 

1.2.2.2 Pharmacologic treatment of osteoporosis 

 The clinical practice guidelines indicate that individuals with OP or high fracture 

risk are candidates for pharmacological treatment to improve bone resistance to fracture 

[52].  The drug therapies for OP are classified as either anti-resorptive or anabolic, 

depending on their mechanism of action.  From there, they are categorized into four 

classes: bisphosphonates, Selective Estrogen Receptor Modulators (SERMs), parathyroid 
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hormone (PTH), and denosumab.  Parathyroid hormone therapy is the only anabolic 

pharmacologic treatment currently approved for clinical use in North America.  Very 

little evidence is available that directly compares treatments in trials, and there are no 

direct comparisons available with fracture incidence as primary outcome.  As such, 

identifying the ‘best-choice treatment’ for an individual depends on indirect drug 

comparisons and a variety of factors such as drug characteristics, patient medical history, 

and individual preferences.  Individual preferences are critical, since poor patient 

adherence to osteoporosis drugs limits treatment efficacy [62] and results in an increased 

incidence of osteoporotic fractures [63].   

 Bisphosphonates are synthetic compounds that have a high affinity for bone 

mineral that permits binding to skeletal surfaces at active remodeling sites.  As 

bisphosphonates become embedded in the bone surface they generate metabolites that 

inhibit mature osteoclast activity and induce osteoclast apoptosis, thereby effectively 

reducing the rate of bone turnover within three to six months of initiating treatment [64, 

65].  Bisphosphonates preserve, but do not rebuild, trabecular and cortical architecture 

and are thought to reduce the rate of osteocyte apoptosis [64, 65].  Bone balance remains 

positive over long-term bisphosphonate use because the compounds remain embedded in 

bone for several years, with some studies observing positive results up to a decade 

following introduction of therapy [66, 67].  There are four bisphosphonates currently 

approved for use in Canada: alendronate (Fosamax®), etidronate (Didrocal®), risedronate 

(Actonel®) and zoledronate (Aclasta®).  Daily doses of alendronate [68], risedronate 
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[69], and zoledronate [70] reduce the risk of hip fracture.  All four bisphosphonates 

increase BMD and reduce the risk of vertebral fractures by 35 to 65% [68, 70-72].  

 Raloxifene (Evista®) is an estrogen agonist/antagonist from a family of non-

hormonal drugs called SERMs.  SERMs bind with estrogen receptors to activate estrogen 

pathways in some tissues, including bones, while blocking pathways in others, including 

breast tissue [73].  No effect of raloxifene is documented for reducing the incidence of hip 

and non-vertebral fractures [74].  Raloxifene is a potent anti-resorptive agent prescribed 

for postmenopausal women with low BMD specifically for preventing vertebral fractures 

[75]. 

 Women at high risk for osteoporotic fractures or who demonstrate suboptimal 

response to previous anti-resorptive agents are good candidates for PTH.  Teriparatide 

(Forteo®) is the biochemically-synthesized form of the intact human PTH molecule.  In 

contrast to all other anti-osteoporosis drugs, Teriparatide is the only anabolic bone 

therapy approved by Health Canada.  Teriparatide increases aBMD, restores trabecular 

connectivity and increases cortical thickness by activating osteoblasts to secrete new bone 

[65, 76-78].  As a monotherapy and in combination with anti-resorptives, vertebral and 

non-vertebral fracture risk is reduced in postmenopausal women taking Teriparatide [79, 

80].  

 Denosumab (Prolia®) is the newest class of osteoporosis treatments approved by 

Health Canada.  It is a fully human monoclonal antibody that is a potent inhibitor of bone 

resorption.  Denosumab binds to receptor activator of nuclear factors K-B ligand 

(RANKL) to prevent binding to its receptor RANK on immature osteoclasts, thereby 
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inhibiting their proliferation, maturation, activation, and survival [81].  In postmenopausal 

women, denosumab injected twice annually reduces the risk of hip, vertebral, and non-

vertebral fractures [82, 83]; however, bone turnover levels return to baseline nine months 

after treatment cessation and aBMD gains from therapy are diminished shortly thereafter 

[84, 85].  

 

1.3 THE MUSCLE-BONE UNIT  

 The potential benefits of preventing the onset and consequences of 

musculoskeletal conditions associated with aging are significant.  Thus, there is 

considerable interest in understanding the relationship between skeletal muscle loss and 

bone loss.  A vast body of literature has investigated the interactions between the tissues 

using numerous measurement techniques.  The evidence suggests that muscle and bone 

are intricately related through mechanical, biochemical, and genetic factors.  To-date, 

there are two prevailing theories that attempt to explain the coordinated structural 

adaptations of muscle and bone.  

 The Mechanostat is the most established and widely recognized theory for 

explaining the adaptations of bone mass and architecture to mechanical loading [86].  The 

fundamental assumption of Frost’s Mechanostat theory is that mechanical factors 

dominate the mechanisms that control bone mass in individuals with ‘normal’ health 

status, and that bone mass in persons of ‘normal’ status are only minimally influenced by 

non-mechanical factors such as hormones and nutrition.  Further, Frost proposed that 

bone tissue maintains strain levels within an acceptable range using a regulatory feedback 
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loop that controls communication between bone mass and tissue strain [86].  Support for 

the Mechanostat theory is evident in athletes who demonstrate dramatic bone structure 

and strength adaptations in response to sport-specific loading characteristics [87, 88].  

The osteogenic effect of mechanical factors is affected by, but not limited to, factors such 

as the magnitude, rate, and distribution of strains [65, 89].  Conversely, in instances of 

bed-rest immobilization where musculoskeletal forces are reduced there is diminished 

bone structure, microarchitecture and strength [90, 91].  The important role of muscle 

contractions is documented in studies that have showed that resistance training in healthy 

adults can mitigate bone loss during immobilization and recover bone lost after 

immobilization [92, 93].  

 The second theory of bone and muscle interactions extends beyond the 

mechanical response and suggests a role for molecular signaling and crosstalk between 

muscle and bone tissues.  The finding of a positive influence of muscle on bone healing in 

the absence of contractile muscle forces [94, 95] led to the identification of several 

cytokines, which influence the action of cells in an autocrine, paracrine, and endocrine 

manner.  When produced by muscle cells, cytokines are called myokines.  Myokines such 

as insulin-like growth factor-1 and basic fibroblast growth factor are highly expressed 

with muscle contractions and bind to receptor proteins on the periosteal bone surface [96, 

97].  On the other hand, myostatin is a negative regulator of muscle growth and has a 

direct effect on bone metabolism.  Myostatin expression and secretion in muscle is 

stimulated by glucocorticoids, which contribute to muscle atrophy and inhibit bone 

formation [98, 99].  Thus, depending on the state of muscle activity, (i.e., hypertrophy, 
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injury, disuse) myokines can have an anabolic or catabolic effect on bone metabolism 

[99, 100].  

1.3.1 Fat and the muscle-bone unit 

 The relationship between fat and muscle and bone is complex, yet understanding 

the associations between the tissues is a growing concern given the increasing prevalence 

of obesity and growing proportion of older adults in whom fat impairs muscle 

metabolism, bone formation, and physical functioning [101, 102].  Bone, muscle, and fat 

are derived from the same mesenchymal stem cells (MSCs) whose differentiation is partly 

influenced by environmental conditions.  For instance, the increased adiposity observed 

in postmenopausal women is attributed, in part, to estrogen, which promotes MSC 

differentiation into osteoblasts rather than adipocytes [103].  

 The spatial distribution of adipose tissue storage has important structural and 

biochemical implications for neighbouring bone and muscle.  In the extremities, 

subcutaneous fat is associated with metabolic syndrome [104].  Ectopic fat, which is fat 

deposited in locations that are predominantly not associated with fat storage (e.g., within 

or around organs, skeletal muscle), is more harmful that subcutaneous fat [102].  With 

aging, subcutaneous fat is increasingly redistributed as ectopic fat and poses significant 

health burdens for individuals and healthcare systems [3, 105].  With respect to fat 

accumulated in and around skeletal muscle, negative health outcomes include muscle 

weakness, mobility limitations, and increased risk of hip fracture [1, 20, 106-108].  This 

has fostered an interest in distinguishing fat situated within muscles from fat that is 

situated between muscles and muscle compartments.  It is hypothesized that effects of 
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these fat depots may have implications for mobility, bone adaptation, and muscle 

metabolism [109].  Intramuscular fat, defined as the fat located within muscle and 

external to the muscle cells, increases with advancing age and inactivity and is associated 

with poor physical performance [21, 110-113].  On the other hand, intermuscular fat is 

the fat situated within the fascial envelopes surrounding muscles and muscle 

compartments.  Intermuscular fat is associated with adverse metabolic effects and poor 

muscle strength that contribute to an increased risk of mobility limitations [20, 114, 115].  

Despite the consequences of intramuscular and intermuscular fat on muscle force 

production and physical performance, there is a paucity of literature describing the effect 

of spatial distribution of ectopic fat in skeletal muscle on bone structure and strength.  

 

1.4 MUSCULOSKELETAL IMAGING 

 Non-invasive assessment of musculoskeletal tissues in vivo is achieved using a 

broad range of medical imaging devices.  The most appropriate imaging device to use to 

answer a clinical or research question depends on a number of factors, such as access to 

the technology and expertise related to image acquisition and analysis, characteristics of 

the population and anatomic site of interest, and the desired level of structural detail or 

image resolution.  Moreover, the potential risks to the patient, feasibility of image 

acquisition and analysis protocols, and the relative importance of its measurements to 

clinical risk factors and health outcomes also should be considered.  Four medical 

imaging modalities are frequently discussed within this thesis.  This section introduces 
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each of these non-invasive imaging techniques and discusses their noteworthy advantages 

and limitations.  

1.4.1 Dual energy X-ray absorptiometry 

 Dual energy X-ray absorptiometry (DXA) is a widely available imaging tool for 

quantifying aBMD.  Image acquisition with DXA involves passing two photon energies 

through the body, from which radiologically distinct materials (e.g., bone mineral and soft 

tissue; lean tissue and fat) are separated based on the energy attenuation. From an 

assessment of the total projected area of the bone under investigation, aBMD is calculated 

as the ratio of bone mineral content (BMC, or mass of mineral) to unit projected area 

(g/cm2) with minimal radiation exposure to the patient (0.5-5μSv) [116].  Commercially 

available DXA software enables skeletal assessment of the whole body, as well as hip, 

spine, and forearm regions independently.  Identification and quantification of vertebral 

fractures and their severity is also possible with DXA [117].  Precision of DXA BMD 

measures is excellent and coefficients of variation are typically reported between 1 and 

1.5% at the hip and spine [118].  As presented in Table 1.2, there are several advantages 

to DXA that has popularized its clinical and research application worldwide.  Despite its 

application to the WHO osteoporosis definition and absolute fracture risk algorithm 

(FRAX), an inherent limitation of DXA is its planar image projection.  This is a 

significant disadvantage of the device, since it precludes any adjustment or interpretation 

for bone size or shape and quantification of volumetric BMD.  
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Table 1.2: Advantages and disadvantages of employing DXA as a clinical and 

research imaging tool  

 

Advantages Disadvantages 

Widely available 
Software assumes homogenous soft tissue 

distribution  

Quick and easy patient positioning; Short 

scan time; Low radiation exposure 

Degenerative diseases affect BMD 

measurements at spine 

Good precision; Reliable reference ranges 
BMD and T-scores only interpreted in 

terms of osteoporosis  

BMD predicts fracture risk 
Fracture and non-fracture population curves 

overlap  

Effectively monitors treatment response 
Unable to monitor bone size or structure 

changes  

 

1.4.2 Computed tomography 

 Computed tomography (CT) acquires anatomical images by capturing X-rays 

emitted from a rotating source and multi-detector row.  The photon energy is quantified 

as the tissue-specific linear attenuation coefficient detected after passing through the body 

calibrated to Hounsfield units (HU).  Relative to water (0 HU), fat tissue is characterized 

by negative HU values and HU values for muscle tissue are positive [104, 119].  Using a 

hydroxyapatite calibration standard, HU are converted to three dimensional, volumetric 

BMD (vBMD; g/cm3) and this is referred to as quantitative computed tomography (QCT).  

Lower attenuation coefficients (lower HU) suggest a greater degree of fat infiltration 

within the muscle.  The resolution of spiral CT scans ranges from 100 to 300μm for 

peripheral and central anatomic sites, respectively.  Several slices can be acquired very 

quickly, but the radiation exposure associated with image acquisition is the principle 

limitation of this technique (1.0-3.0mSv at the hip, 1.5-2.3mSv at the spine) [116].  

Nevertheless, QCT is used for clinical and research applications because precision errors 
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for vBMD, while somewhat higher than DXA areal BMD, can be minimized using the 

multi-slice acquisition and automated placement of a volume of interest. 

1.4.3 Peripheral quantitative computed tomography 

 Peripheral quantitative computed tomography (pQCT) is a compact QCT scanner 

that is used to acquire axial images of appendicular body regions.  Similar to QCT, the 

device’s X-ray source and detectors rotate 180 degrees around the gantry to obtain images 

from several angles.  In contrast to QCT, the calibration phantom for pQCT assumes 

calibration remains standard over time and the device converts all attenuation coefficients 

to density values.  The highest in vivo in-plane resolution achieved by the XCT2000 

scanner is 200μm.  This device is advantageous because its operation costs are far less 

and the radiation exposure is considerably reduced as compared with QCT scanners.  The 

effective dose of a single tomographic pQCT slice is approximately 1μSv [116].  

 As a research tool, the primary application of pQCT has been to explore and 

monitor changes in bone shape and mineral distribution in cortical and trabecular 

compartments during various stages of development, aging, or in response to treatment.  

As illustrated in Figure 1.1 (panel A), measurement sites are limited to appendicular 

regions because the small gantry diameter (140mm for the XCT2000 device).  For bone 

imaging, pQCT is advantageous because it facilitates separation of cortical and trabecular 

bone compartments.  Figure 1.1 (panels B, C, D) depicts the dense cortical bone, which 

can be visualized and quantified separately from the trabecular bone because their 

variation in vBMD.  A drawback of pQCT lies in soft tissue imaging because the 

resolution does not permit individual muscles or muscle compartments to be 
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distinguished, nor does it allow isolation of intramuscular versus intermuscular fat.  

Interest in the muscle-bone unit has resulted in pQCT being increasingly applied to obtain 

measurements of muscle cross-sectional area and density as measures of general size, 

estimated strength, and amount of dense muscle proteins.  Although Canadian normative 

data are becoming increasingly available, pQCT remains a research tool because there is 

no cost-recovery mechanism in place to attract clinical utility.  

 

Figure 1.1: pQCT XCT2000 scanner and axial leg images. Standardized positioning 

for leg image acquisition in the pQCT scanner (A). Axial pQCT leg images at the tibia 

4% (B), 14% (C), and 38% (D) sites illustrate bone size and shape at an in-plane 

resolution of 400μm. The colour scale on the left represents low (bottom, dark grey) to 

high (top, white) tissue volumetric densities (mg/cm3). 
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1.4.4 Magnetic resonance imaging  

 Magnetic resonance imaging (MRI) provides excellent soft tissue contrast and, 

therefore, is considered the gold standard for clinical imaging of the neurological, 

cardiovascular, reproductive, and musculoskeletal systems.  Specifically, musculoskeletal 

imaging would be indicated for joint derangement, infection, tumour, inflammation, post-

trauma, and vascular pathologies.  Image acquisition with MRI is achieved by using the 

signal of the protons from the nuclei of hydrogen atoms.  In the absence of a magnetic 

field, hydrogen nuclei spin about axes that are randomly arranged.  In the presence of a 

magnetic field, the spins of hydrogen atoms align parallel to the magnetic field and 

undergo precession.  Precession is the wobbling motion of a spinning object that occurs in 

the presence of an external magnetic field.  The rate at which precession occurs is called 

the Larmor frequency, which is directly proportional to the strength of the magnetic field.  

When the transmitter coil applies a radiofrequency (RF) pulse, the longitudinal 

magnetization is tipped by 90 degrees into the transverse plane.  The rotating transverse 

magnetization gives rise to the MR signal in the receiver coil.  Hydrogen atom spins 

eventually relax in the longitudinal direction due to spin-lattice interaction and in the 

transverse direction due to spin-spin interactions.  Since longitudinal (T1) and transverse 

(T2) relaxation times vary by tissue type, as presented in Table 1.3, adjustment of the 

pulse sequence timing and duration will govern the degree of tissue contrast.  In general, 

T1 weighted MRI sequences represent the current gold standard for measuring muscle 

morphology [120]. 
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Table 1.3: Signal intensities of musculoskeletal tissues on T1- and T2-weighted 

images 

 

Tissue T1 T2 

Muscle Dark Dark 

Fat Bright Bright 

Bone (cortical) Dark Dark 

Inflammatory Tissue Dark Bright 

  

  

 A clear advantage of MRI over DXA, QCT, and pQCT, is the ability to modify 

pulse sequence specifications to enhance the contrast of tissue(s) of interest.  An example 

of fat and water images is shown in Figure 1.2.  High resolution, noninvasive imaging in 

the absence of ionizing radiation is another clear advantage of MRI.  Whole-body MRI 

scanners, as shown in Figure 1.2, provide a means of examining the whole body or any 

body region with excellent image resolution.  This section will describe two advanced 

MRI techniques that are able to provide greater detail about the structure and composition 

of skeletal muscle.  
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Figure 1.2: Whole body 3T MRI system and axial images of the leg. A woman on the 

scan bed of the 3T MRI scanner is positioned for imaging with an extremity coil placed 

around her right leg (A). Axial images of the leg demonstrate how altered sequence 

parameters can increase the brightness of fat (B) and water (C). 

 

1.4.4.1 Diffusion tensor imaging  

 Diffusion tensor imaging (DTI) is an advanced MRI technique that calculates the 

random and multidirectional movement of water molecules.  Diffusion tensor imaging has 

been widely applied to study ordered biological tissue, such as the brain, but its ability to 

characterize anisotropic tissue structure has been more recently extended to understand 

skeletal muscle structure.  In anisotropic tissues, water diffusion is greater in some 

directions than others.  Diffusion tensors are encoded in at least six directions, or three 

orthogonal planes, and can be visualized as an ellipse.  Figure 1.3 illustrates the diffusion 
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ellipsoid.  Thus, diffusion encoding is not confounded by muscle fibre orientation and 

information about the direction and shape of diffusivity can be calculated and reported as 

eigenvectors and eigenvalues, respectively [121].  

 

Figure 1.3: Ellipsoid representation of a tensor and proposed directions of water 

molecule diffusion in skeletal muscle.  On the left is a schematic arrangement of muscle 

fibres where orientation is generally similar but not all fibres are parallel, as highlighted 

by the red lines.  On the right is a schematic of proposed diffusion directions 

characterized by eigenvalues.  The largest eigenvalue (λ1) is oriented along the long axis 

of a muscle fibre, whereas the second and third eigenvalues (λ2 and λ3) represent 

diffusivity perpendicular to the long axis of the muscle fibres or fascicles. 

 

  

 Although muscle fibres are aligned in the same orientation, they are not always 

aligned in parallel.  Thus, the diffusion ellipsoid is used to visualize eigenvalues and the 

three largest diffusion directions that they represent.  The first eigenvalues (λ1) is thought 

to represent water diffusivity along the long axis, or length, of the myofibre.  The second 

and third eigenvalues (λ2 and λ3) represent water diffusivity in the direction perpendicular  

to muscle fibres or across muscle fascicles [122].  The apparent diffusion coefficient 

(ADC), also known as the mean diffusivity, represents the average rate of water diffusion 
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in a region of interest (ROI).  The DTI measure that provides a summary of tissue 

structure is fractional anisotropy (FA).  As presented in Figure 1.4, FA scales from 0 to 1 

and is used to describe tissue as more isotropic with diffusion strength equal in all 

directions or anisotropic with diffusion in primarily one direction [123].  The ADC and 

FA are the diffusion tensor values often reported in skeletal muscle research and are 

calculated as follows:  

𝑨𝑫𝑪 =  
𝜆1 + 𝜆2 +  𝜆3

3
 

 

𝑭𝑨 =  √
3

2
 √

(𝜆1 − 𝐴𝐷𝐶)2 +  (𝜆2 − 𝐴𝐷𝐶)2 +  (𝜆3 − 𝐴𝐷𝐶)2

𝜆1
2 +  𝜆2

2  +  𝜆3
2  

  

 The eigenvalues and their proposed diffusivity directions are validated with 

myocardial muscle using an automated software analysis [124].  Recently, DTI measures 

in a chick embryo were associated with muscle fibre formation and growth, as tracked 

using histological staining [125].  In humans, leg muscle λ3 is correlated with 

physiological CSA of muscle fibres [126, 127] that has led to characterizing muscle fibre 

types using water diffusivity measures [128].  Interpretation of DTI measures must 

consider cell membranes, submembrane barriers (e.g., mitochondria, lipids, and 

morphological changes to muscle fibres) as potential modifiers of the magnitude and 

direction of water diffusivity.  In attempt to confirm ‘proof of concept’ of the measures 

based on water diffusivity, DTI has been validated with respect to muscle aging [129], 

injury [130], and exercise physiology [131].  
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Figure 1.4: Schematic representation of the meaning of fractional anisotropy (FA) 

values. FA values scaling closer to zero, as illustrated on the left, represent a spherical 

shape since diffusion would be of the equal magnitude in all directions. Values 

approaching 1 represent the diffusion primarily in one direction, as in the hypothetical 

case of an infinitely long cylinder.   

 

1.4.4.2 Proton magnetic resonance spectroscopy  

 Proton magnetic resonance spectroscopy (1H-MRS) quantifies fat infiltration on a 

microscopic scale.  Proton MRS is the only non-invasive method that differentiates two 

distinct lipid depots in muscle tissue: intramyocellular lipid (IMCL) and extramyocellular 

lipid (EMCL).  IMCL is stored within the cytoplasm of muscle cells in spherical droplets, 

whereas EMCL is nestled along the muscle fibre bundles or fasciae [132].  Spectral fitting 

is highly dependent upon separation of the IMCL and EMCL peaks [133].  The greatest 

separation of the peaks is demonstrated in muscle fibres that are aligned perpendicular to 

the magnetic field [134].   

 Prior to the development of 1H-MRS, quantification of IMCL in vivo could only 

be performed by invasive biopsy techniques requiring painful muscle specimen extraction 

and the same muscle site could not be assessed over time.  The evaluation of IMCL was 
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popularized upon discovering the inverse relationship between the amount of IMCL and 

insulin sensitivity [19].  Since then, several metabolic factors have been identified to 

influence the spectroscopic measurement of IMCL content, such as nutrition [135], age 

[136], sex [137], training status [138], obesity [139, 140], and muscle group [141].  

 

1.5 APPLICATION OF MAGNETIC RESONANCE IMAGING TO EVALUATE 

LEG MUSCLE STRUCTURE IN WOMEN  

 This section describes the results of a scoping review that aimed to gather 

information about the extent to which various MRI techniques have been applied to 

evaluate leg muscle macrostructure, microstructure, and composition in women across the 

lifespan.  In line with this aim, only articles that reported separate results for muscle of 

the leg in women were included.  Articles were excluded if they measured clinical 

populations, for example stroke survivors, women with spinal cord injury or congenital 

muscle disease, without a control group for comparison.  

 The comprehensive literature search and study selection, described in Appendix 

A, yielded a total of seventeen eligible publications that matched the predetermined 

review criteria.  Each eligible publication was obtained in full text and pertinent 

information was extracted by two reviewers independently.  Extracted data included the 

study design, population characteristics, study objectives, MRI techniques employed, 

primary outcomes and results.  Table 1.4 summarizes the study design, population, and 

MRI techniques described in each article eligible for inclusion. Research originated from 

North America (n = 7) [109, 110, 142-146], Europe (n = 8) [112, 147-153], and Asia (n = 
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2) [154, 155].  None of the articles were Canadian.  The study designs were 

predominantly cross-sectional (n = 14), but also included one case study [152], one 

prospective cohort [151], and one single-blind randomized cross over study [143].  Of the 

cross-sectional studies, comparisons were made for: sex (n = 7) [112, 147-150, 153, 154], 

age (n = 2) [110, 145], ethnicity (n = 1) [144], training status (n = 2) [142, 155] and health 

status (n = 2) [109, 146].  

 The most commonly reported outcomes were leg muscle CSA and volume, as 

measured from T1 and T2 weighted axial images using commercially available and 

custom software.  Alizai et al. (2012) incorporated a clinical semi-quantitative scoring 

system for fatty infiltration along with a fat fraction calculated using magnetic resonance 

(MR) chemical shift-based water/fat separation.  Three articles applied DTI to leg muscle 

ROIs and two studies reported IMCL content using 1H-MRS (Table 1.4).  Two articles 

used MRI-based images to validate DXA-based measurements of lean mass [142, 148].  

Until recently, the majority of MRI publications that examined leg muscle size and 

structure were performed in healthy premenopausal women.  The summary of primary 

study objectives, primary muscle and fat measures, and results are presented in Table 1.5.  

 Overall, there was consensus among the publications that older women have less 

muscle mass and greater fat infiltration compared to older men [110, 112, 145, 147].  

Articles that specifically recruited postmenopausal women were interested in measuring 

fat infiltration, however the studies were focused on women with or at risk of type 2 

diabetes (T2D) [109, 145, 146].  Despite the established importance of skeletal muscle 

structure and composition for optimal functioning, most of the literature reviewed did not 
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investigate the relationship between non-invasive muscle and fat outcomes and clinically 

validated measures of physical performance.  Indeed, Kent-Braun et al. (2000) reported 

that fat infiltration in the anterior compartment of the leg was lower in a subset of 

postmenopausal women who recorded higher levels of physical activity measured by 

accelerometry over a seven-day period (n = 10, r = -0.69, p = 0.03).  Additionally, 

Boettcher et al. (2009) found that aerobic fitness, as measured by an incremental test 

performed to maximal exhaustion, was inversely associated with intermuscular fat 

content in the leg of middle-aged women at risk for T2D (n = 152, r = -0.41, p< 0.001).  

 Postmenopausal women were underrepresented in the MRI literature reviewed.  

For instance, non-invasive muscle microstructural outcomes have never been reported in 

postmenopausal women.  Given the combination of shifting population demographics to a 

larger proportion of older adults and an increasing prevalence of musculoskeletal 

disability with aging [156], there is a pivotal role for MRI as a non-invasive imaging tool 

for assessing and monitoring musculoskeletal macrostructure and microstructure.  Since 

DTI and 1H-MRS can determine skeletal muscle microstructure and composition, there is 

a tremendous opportunity to apply these novel outcomes to explore the connection 

between muscle structure and bone loss in postmenopausal women.  
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Table 1.4: Description of study designs, study population characteristics, and 

magnetic resonance imaging acquisition methods  

Citation Design Population 
MRI 

method(s) 
Fuller et al. 1999 

[147] 
Cross-sectional N = 16 (n = 8 W); healthy; aged 41 to 60y T2 

Kent-Braun et al. 

2000 [110] 
Cross-sectional 

N = 23 (n = 11 W); healthy, sedentary; aged 

29(4)y 

and 

N = 21 (n = 10 W); healthy, sedentary; aged 

73(6)y 

T1 

Bamman et al. 

2000  [142] 
Cross-sectional 

N = 7 W; healthy, endurance trained, preM; 

aged 34(5)y 

and 

N = 32 W; healthy, untrained preM; aged 37(8)y 

T1  

Larson-Meyer et al. 

2002  [143] 

Single-blind 

cross-over 

N = 7 W; healthy, endurance trained, preM; 

aged 35(8)y  
1H-MRS 

Holmback et al. 

2002 [148] 
Cross-sectional N = 30 (n = 15 W); healthy; aged 23(3)y T1 

Holmback et al. 

2003 [149] 
Cross-sectional N = 30 (n = 15 W); healthy; aged 23(3)y T1 

Galban et al. 2005 

[150] 
Cross-sectional 

N = 24 (n = 12 W); healthy, untrained; aged 

29(1)y 
DTI 

Trappe et al. 2007 

[151] 

Prospective 

cohort 
N = 24 W; healthy; aged 33(1)y PD 

Ruan et al. 2007 

[144] 
Cross-sectional 

N = 142 (n = 103 W); ambulatory, weight-

stable, sedentary, community-dwelling; aged 

42(15)y 

T1 

Grosset et al. 2008 

[152] 
Case study N = 1 W; healthy, moderately active; aged 29y T1 

Rana et al. 2008 

[154] 
Cross-sectional 

N = 17 (n = 9 W); healthy, non-smokers; aged 

20, 35y 
T1 

Deux et al. 2008 

[153] 
Cross-sectional N = 20 (n = 10 W); normal; aged 27(2)y T1, DTI 

Boettcher et al. 

2009 [112] 
Cross-sectional 

N = 249 (n = 152 W); at high risk of T2D; aged 

46(11)y 
1H-MRS 

Hasson et al. 2011  

[145] 
Cross-sectional 

N = 12 (n = 6 W); healthy; aged 26(3)y 

and  

N = 12 (n = 6 W); healthy; aged 70(5)y  

T1 

Alizai et al. 2012 

[146] 
Cross-sectional 

N = 27 W; postM, with T2D; aged 63(5)y 

and  

N = 35 W; postM, without T2D; aged 63(6)y 

T1 

Karampinos et al. 

2012 [109] 
Cross-sectional 

N = 27 W; postM, with T2D; aged 63(5)y 

and  

N = 35 W; postM, without T2D; aged 63(6)y 

T2 

Okamoto et al. 

2012 [155] 
Cross-sectional 

N = 12 W; healthy, trained athletes; aged 20(1)y  

and  

N = 11 W; healthy, untrained; aged 22(1)y 

T1, DTI 

W = women, preM = premenopausal, postM = postmenopausal, T2D = type 2 diabetes, age described as 

mean (SD) or (min, max) years, DTI = diffusion tensor imaging, MRS = magnetic resonance spectroscopy, 

PD = proton density weighted, T1 = T1-weighted images, T2 = T2-weighted images
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Table 1.5: Description of primary objectives, muscle and fat measures, and results of studies measuring leg muscle in 

women with magnetic resonance imaging (MRI) 

Citation Objectives 
MRI Muscle 

and Fat 

Measures 

Findings  

(as they relate to MRI muscle and fat  

measures in the leg) 

Fuller et al. 1999 [147] 
To validate estimates of DXA leg and thigh soft 

tissue modeling methods using MRI 

Tissue volume 

(To, Mu, AT), 

Proportion AT 

in calf 

Mu volume was greater in men than women. 

Proportion AT was lower in men than women, but 

absolute AT volumes was similar between groups. 

Kent-Braun et al. 2000 

[110] 

To determine the effect of age, gender, and 

physical activity level on Con and Non-Con 

tissue area in the leg.  

AC ToCSA, 

ConCSA, 

Non-ConCSA,  

% Non-

ConCSA  

Compared to older adults, young adults had greater 

ConCSA, less Non-ConCSA, and % Non-ConCSA.  

Men had larger AC To, Con, and Non-ConCSA than 

women.  

Men and women had similar % Non-ConCSA.  

Habitual physical activity was inversely related to 

Non-ConCSA in older, but not young adults.  

Bamman et al. 2000  

[142] 

To determine whether DXA estimated muscle 

size predicts PF MVC and could be used in lieu 

of MRI.  

ACSA, PCSA, 

volume of 

SOL and GC 

All MRI-based muscle size indices were sig related to 

isometric PF MVC (ACSA > PCSA > muscle volume; 

explained 42.2-53.7% of the variance in MVC).  

Trained preM women had greater ACSA, PCSA, 

volume, and PF MVC vs untrained preM women.  

Larson-Meyer et al. 2002  

[143] 

To evaluate the effect of a 2 hour treadmill run 

and recovery diet on IMCL content in the leg of 

trained endurance runners. 

IMCL and 

EMCL content 

in SOL  

IMCL content was reduced by ~25% during the run. 

Recovery of IMCL levels to baseline was quicker with 

moderate-fat diet vs extremely low-fat diet. 

 

Holmback et al. 2002 

[148] 

To determine the intra-rater test-retest and inter-

rater reliability of MRI measures of ConCSA 

and Non-ConCSA in ankle DF. 

ACSA, 

ConCSA, 

Non-ConCSA, 

% Non-

ConCSA in 

DF 

Intra-rater reliability of ConCSA (ICC>0.99) and Non-

ConCSA was (ICC>0.94) was excellent for both 

raters.  

Inter-rater reliability of ConCSA was excellent 

(ICC>0.99). Inter-rater reliability of Non-ConCSA 

was good on occasion 1 (ICC=0.82) and excellent on 

occasion 2 (ICC=0.94).   

ACSA and ConCSA were larger in men vs women, 

but sexes were similar in Non-ConCSA and % Non-

ConCSA. 
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Holmback et al. 2003 

[149] 

To determine the relationship between of ankle 

DF muscle strength, size, and fibre type 

composition and the influence of sex.  

ACSA, 

ConCSA, non-

ConCSA, 

%Non-

ConCSA in 

DF  

ConCSA was a major determinant of Con and Ecc DF 

peak torque. Body wt and fibre areas were major 

determinants of ConCSA. 

Men had larger ConCSA and fibre areas than women.  

Galban et al. 2005 [150] 
To determine if water diffusion within skeletal 

mu differs between sexes. 

λ1, λ2, λ3, FA, 

trace of the 

diffusion 

tensor, 

Ellipsoid 

eccentricity for 

ROIs in SOL, 

LG, MG, 

TibA, TibP, 

EDL, PL. 

Compared to men, women had higher eigenvalues and 

trace of the diffusion tensor. The differences were 

significant for all muscles, except λ1 in SOL, λ2 in PL, 

and λ3 in TibA and PL.  

Women had lower FA and ellipsoid eccentricity than 

men, but these differences were only significant in 

SOL, LG, and MG.  

Trappe et al. 2007 [151] 

To test exercise and nutrition as 

countermeasures to muscle volume and strength 

loss during 60 days of simulated 

weightlessness. 

Mu volume in 

SOL and GC 

SOL and GC muscle volumes decreased similarly in 

control (-29 ± 1%) and nutrition (-28 ± 1%) groups.  

Mu volume loss was attenuated in exercise group (-8 ± 

2%). 

Ruan et al. 2007 [144] 

To determine the predictive value of each slice 

location and which slice locations provide the 

best estimates of whole body IMAT. 

Mass and 

volume of Mu, 

SAT, IMAT in 

calf 

Highest correlations between single-slice IMAT and 

total body IMAT volumes were at the midcalf for 

Asian women. Adding two more sites improved the 

predictive strength.  

Calf IMAT was positively correlated with body weight 

in all ethnicities. 

Grosset et al. 2008 [152] 

To determine the changes in mu volume and 

shape associated with total ankle 

immobilization with cast, using the quadriceps, 

hamstring, and TS muscles as models of 

atrophy. 

ACSA and 

volume of 

SOL and GC, 

SAT volume 

Mu volume loss was -0.78% per day, with total -

21.9% SOL and GC volume reduction. These deficits 

persisted after 2 months of recovery.  

GC most affected by immobilization, but also showed 

greatest improvement after 2 months recovery.    

SAT volume decreased 10.2% and was equal along 

length of leg.  

Rana et al. 2008 [154] 

To estimate and compare measures of working 

mu oxidative capacity in young men and 

women.  

Peak area of 

PCr, Oxidative 

capacity, [PCr] 

at rest 

No gender differences in rate of PCr depletion or 

recovery or in oxidative capacity in response to PF 

exercise intervention. 
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Deux et al. 2008 [153] 

To determine whether water diffusion changes 

can be detected during contraction and rest of 

calf mu in normal volunteers.  

λ1, λ2, λ3, 

ADC, FA in 

SOL and MG 

At rest, λ1, λ2, and ADC of MG were higher than in 

TA.  

Plantarflexion did not change MG DTI measures.  

Dorsiflexion resulted in ADC increase in TA.  

Boettcher et al. 2009 

[112] 

1) To quantify IMAT and investigate its 

association with other lipid depots.  

2) To determine whether anthropometric data 

correlate with the amount of IMAT.  

CSA of leg 

IMAT, non-

AT and SAT, 

VAT, total 

AT, IMCL of 

TibA 

IMAT was correlated with total AT, lower extremity 

AT, SAT, and VAT in men and women. Women have 

more IMAT and less non-AT in leg vs men, but IMCL 

was similar between sexes.  

Body wt and BMI had positive associations with 

IMAT.  

IMCL was associated with insulin sensitivity in 

women (r=-0.44, p<0.001) but not men.                                                           

Hasson et al. 2011  [145] 

1) To quantify the volume, proportion, and 

longitudinal distribution of Con and Non-Con 

volumes in the DF and PF mu of young and 

older adults.   

2) To determine whether Con volumes can be 

accurately estimated from MRI models of tissue 

distribution. 

Ankle DF 

(TibA, EHL, 

EDL, PT) and 

ankle PF (MG, 

LG, SOL) 

CSA and 

volume, 

predicted mu 

volume from 

CSAmax, CSA 

at 30% site, 

and avg 

CSAmax using 

3, 5, or 10 

slices 

Compared to young adults, the older adults had 

smaller cCSA and volume. Older adults had 3.6x more 

nCSA in DF and PF .  

Proportion of non-conCSA varied along the length of 

the leg, with lowest proportions near the center of the 

mu belly and a tendency to increase distally. Single-

slice conCSA measures predicted volume with an avg 

error of about 8–11% for young and older adults. 

Using multiple slices improved estimates by ~50%, 

with avg errors of ~ 3–4%. 

Alizai et al. 2012 [146] 

To assess the reproducibility of the semi-

quantitative Goutallier classification and 

validate this system with quantitative mu to fat 

fraction derived from a MRI chemical shift-

based water/fat separation technique. 

Semi-

quantitative 

Goutallier 

grades of fat 

infiltration, fat 

fractions 

Intra-observer reproducibility of intramuscular fat was 

2.7%. Intra-observer and inter-observer agreement 

were excellent (kappa=0.81-0.83).  

Fat fractions were correlated with Goutallier grades. 

Mean fat fraction differed among the 5 clinical grades 

in each ROI.  

Women with and without T2D had similar Goutallier 

grades.  
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Karampinos et al. 2012 

[109] 

To demonstrate the feasiblity of assessing the 

spatial distribution of mu AT using chemical 

shift-based water/fat separation and to 

characterize differences in calf IMAT 

compartmentalization in patients with T2D 

compared to healthy age-matched controls. 

SAT, TAT, 

non-AT, Intra-

muscular AT 

and IMAT 

volumes in 

DP, AC, and 

LC and SOL, 

MG, LG 

DP compartment and AC contributed relatively more 

to the IMAT volume in T2D group than in control 

group.  

Women with T2D had a less SAT and TAT volumes 

compared to controls. Intramuscular AT, IMAT, and 

non-AT were similar between groups.  

 

Okamoto et al. 2012 

[155] 

To compare the differences in diffusion 

properties leg musculature in athletically 

trained vs untrained young women. 

λ1, λ2, λ3, 

ADC, FA in 

LG, MG, SOL, 

and TibA 

Trained women had lower values for λ1, λ2, λ3, and 

ADC than untrained women in all muscle ROIs. FA 

was similar in trained and untrained groups. 

 

AC = anterior compartment  

ACSA = anatomical cross-sectional area 

ADC = apparent diffusion coefficient  

AT = adipose tissue  

Avg = average 

BMI = body mass index  

CSA = cross-sectional area 

Con = concentric contraction 

ConCSA = contractile tissue cross-sectional area 

DF = dorsiflexors 

DP = deep posterior 

DXA = dual energy X-ray absorptiometry 

Ecc = eccentric contraction 

EDL = extensor digitorum longus  

EHL = extensor hallicus longus 

EMCL = extramyocellular lipid  

FA = fractional anisotropy 

GC = gastrocnemius 

ICC = intraclass correlation coefficient 

IMAT = intermuscular adipose tissue 

IMCL = intramyocellular lipid 

LC = lateral compartment 

LG = lateral head of gastrocnemius 

MG = medial head of gastrocnemius 

Mu = muscle 

MVC = maximum voluntary contraction 

MRI = magnetic resonance imaging 

Non-AT = non-adipose tissue (represents lean tissue) 

Non-ConCSA = non-contractile tissue cross-sectional area 

PCr = phosphocreatine 

PCSA = physiological cross-sectional area 

PF = plantarflexors 

PostM = postmenopausal 

PreM = premenopausal 

PT = peroneus tertius 

ROI = region of interest 

SAT = subcutaneous adipose tissue 

SOL = soleus 

T2D = type 2 diabetes  

TibA = tibialis anterior  

TibP = tibialis posterior 

TAT = total adipose tissue 

To = total 

TS = triceps surae (soleus and gastrocnemius muscles) 

VAT = visceral adipose tissue  

Wt = weight 

λ1, λ2, λ3 = first, second, third eigenvalues

P
h
. D

. T
h
esis - A

. L
. L

o
rb

erg
s  

M
cM

aster U
n
iv

ersity
 - S

ch
o
o
l o

f R
eh

ab
ilitatio

n
 S

cien
ce

 

P
h
. D

. T
h
esis - A

. L
. L

o
rb

erg
s  

M
cM

aster U
n
iv

ersity
 - S

ch
o
o
l o

f R
eh

ab
ilitatio

n
 S

cien
ce

 



Ph. D. Thesis - A. L. Lorbergs;  McMaster University - School of Rehabilitation Science 

 35 

1.6 SUMMARY OF THESIS OBJECTIVES 

 As a first step toward the overall thesis goal of determining differences in MRI-

derived skeletal muscle structure and composition between women with and without OP, 

two studies were conducted to address methodological factors pertaining to protocol 

development and feasibility.  Chapter Two is the protocol development study that 

assessed whether muscle CSA and water diffusion properties of leg muscles in young and 

older women changed over a period of time spent in supine rest.  Chapter Three describes 

and evaluates the feasibility of applying three MRI scanning methods (PD-weighted 

imaging, DTI, and 1H-MRS) to evaluate macrostructural and microstructural properties of 

leg muscles in older women.  The third study (Chapter Four) applied the three MRI 

techniques described in Chapters Two and Three to determine whether postmenopausal 

women with and without OP are different in bone structure, muscle structure and muscle 

composition. Additionally, Chapter Four explored the associations between bone 

structure and strength outcomes and muscle structure and composition, and physical 

outcomes in older women.  Overall, the studies in this dissertation aimed to apply MRI to 

assess musculoskeletal tissue structure and composition in women with and without OP.   
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CHAPTER TWO 

 

AGE-RELATED DIFFERENCES IN THE RESPONSE OF 

LEG MUSCLE CROSS-SECTIONAL AREA AND WATER 

DIFFUSIVITY MEASURES TO A PERIOD OF SUPINE 

REST 
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PREFACE TO CHAPTER TWO 

 

Authors: Amanda L. Lorbergs, Michael D. Noseworthy, Norma J. MacIntyre 

 

Publication status: This manuscript was submitted to the journal MAGMA Magnetic 

Resonance Materials in Physics, Biology and Medicine.  The manuscript received 

conditional acceptance (pending major revisions) in February 2014.  The version of the 

manuscript included in the dissertation incorporates the peer-review feedback; however, 

the manuscript has not been accepted for publication in its current form.  Upon final 

acceptance, a request will be made to the publisher of the journal to obtain permission to 

include copyright material. 

 

Summary: This study evaluates the effect of a period of time spent in supine on skeletal 

muscle cross-sectional area (CSA) and water diffusivity in the leg of healthy young and 

older women.  Leg muscle CSA and water diffusivity variables changed similarly over a 

period of time spent in supine in young and older women.  The findings suggest that MRI 

scan acquisition protocols can be performed within 60 minutes of supine resting without a 

significant effect on muscle CSA and water diffusivity in the leg.  This study 

demonstrates an important first step to developing a MRI scanning protocol for leg 

musculature in older women.  
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Age-related differences in the response of leg muscle cross-sectional area 

and water diffusivity measures to a period of supine rest 
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2.1 ABSTRACT 

Object: To assess whether cross-sectional area (CSA) and water diffusion properties of 

leg muscles in young and older women change with increased time spent in supine rest.  

Materials and Methods: Healthy young (n = 9, aged 20-30y) and older (n = 9, aged 65-

75y) women underwent MRI scanning of the right leg at baseline, 30 and 60 minutes of 

supine rest.  Muscle CSA was derived from proton density images.  Water diffusion 

properties (apparent diffusion coefficient (ADC) and fractional anisotropy (FA) of the 

tibialis anterior, tibialis posterior, soleus, and medial and lateral heads of gastrocnemius) 

were derived from diffusion tensor imaging (DTI).  Repeated measures ANOVAs and 

Bonferroni post-hoc tests determined the effects of time and group on each muscle 

outcome.  

Results: In both groups, muscle CSA and FA did not change significantly over time 

whereas ADC significantly decreased.  A greater decline at 30min for young women was 

only observed in medial gastrocnemius ADC.  

Conclusion: Regardless of age, ADC values decreased with fluid shift associated with 

time spent supine, whereas CSA and FA were not affected.  For leg muscle assessment in 

young and older women, DTI scanning protocols should consider the amount of time 

spent in a recumbent position. 

 

KEYWORDS: women, aging, skeletal muscle size, diffusion tensor imaging (DTI), 

posture  
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2.2 INTRODUCTION 

Magnetic resonance imaging (MRI) techniques permit noninvasive visualization 

and evaluation of body tissues.  There is growing interest in applying MRI to better 

understand changes in tissue size, distribution, and structure associated with injury [1], 

disuse [2], disease [3], and aging [4].  Given the rising proportion of older adults, MRI is 

a promising modality for identifying and monitoring age-related changes in skeletal 

muscle structure and function.  Studies evaluating leg muscles in older adults have 

revealed that muscle size and fat infiltration are related to mobility and physical function 

[5, 6].  Despite the fact that both men and women lose muscle mass [7] and accumulate 

fat within and around muscle with aging [8], the prevalence of physical disability is 

greater among older women [9].  The application of MRI to study muscle structure in 

older women could inform efforts to prevent and treat musculoskeletal conditions for 

optimal physical functioning with aging. 

Advanced MRI scanning permits muscle evaluation beyond quantification of 

tissue cross-sectional area (CSA).  For example, the application of MRI diffusion 

encoding gradients provides information about muscle microstructure on a smaller scale 

than the typical image resolution.  Diffusion tensor imaging (DTI) calculates three 

eigenvalues (λ1, λ2, λ3) representing the magnitude of diffusion in three orthogonal 

directions, with λ1 corresponding to water diffusion along the length of muscle fibres and 

λ2 and λ3 representing perpendicular water diffusion either across fibres or across muscle 

fascicles [10].  Measures calculated from the DTI eigenvalues include apparent diffusion 

coefficient (ADC; the mean of the three eigenvalues) and fractional anisotropy (FA; a 
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function of the three eigenvalues).  Although a number of studies have quantified muscle 

and fat content in the leg of older women [5, 6, 8, 11], there are no published reports of 

muscle microstructure as measured by DTI in this population.  Compared to men, young 

women have less muscle mass, lower FA values and higher eigenvalues in the leg 

muscles [8, 12, 13].  A study of age-related changes in DTI measures found lower 

eigenvalues and reduced FA in the tibialis anterior in older men [14], but there are no 

studies that have directly compared noninvasive measures of muscle CSA and 

microstructure in the leg of young and older women. 

Prior to applying MRI techniques to skeletal muscle examination in older women, 

it is important to consider the effect of postural changes on body fluid distribution and 

evaluate whether this differs from young women.  The leg muscles are thought to be an 

important compartmental reservoir for fluid redistribution associated with changes in 

body posture [15].  Gravity-induced shifts in vascular fluids result from a net increase of 

intravascular fluid from the interstitial space [16].  Acute fluid shifts in the leg have been 

reported in response to changes in posture: from standing to sitting [16] and from 

standing to supine lying [2].  In healthy young adults, body fluid volumes in the leg and 

muscle CSA are decreased in response to these changes in posture [2, 15, 16].  More 

recently, significant reductions in muscle DTI measures were observed in young adults 

(30% female) 34 minutes after lying supine on the MRI table [17, 18].  It is unknown 

whether changes in CSA and diffusion properties of leg muscles occur or differ between 

young or older women with increased time spent in supine lying.   
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A number of age-related adaptations in skeletal muscle may influence the effect of 

changes in posture on fluid shifts in the lower extremity.  For example, with advancing 

age skeletal muscle fibres are fewer in number and smaller in size [19], cross-sectional 

geometry deforms [20], and intramuscular fat accumulates [8].  Further, the autonomic 

nervous system is less responsive in older adults and that may subsequently attenuate 

fluid shifts following postural change from standing to supine [21].  As MRI becomes 

increasingly available to research musculoskeletal aging and disability, a first step in 

protocol development is to assess whether fluid shifts significantly affect muscle size and 

microstructure measurements in older women.  The primary objective of this study is to 

assess whether leg muscle CSA and water diffusion properties (ADC, FA) in young and 

older women change with increased time spent in supine rest and differ with age.  

 

2.3 MATERIALS AND METHODS 

This cross-sectional study was approved by our institutional research ethics board 

(Appendix B).  Written informed consent was provided by all subjects and MRI safety 

screening was performed with each participant prior to initiating the study.  

2.3.1 Subjects and recruitment 

Eighteen women were recruited using poster and email advertisements, 

presentations to a community group and university students, and mailed letter invitations 

to past study participants.  Young women were aged between 20 and 30 years and older 

women were aged between 65 and 75 years.  Prior to enrolment, all interested volunteers 

were screened by telephone.  Women who reported moderate physical activity levels, but 
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did not train specifically in any sport or exercise program, were eligible.  Volunteers 

taking medications that would alter body composition (e.g. steroids) were excluded.  

Exclusion criteria were: diabetes, chronic obstructive pulmonary disorder, stroke, cancer 

in the past five years, smoking cigarettes in the past two years, surgery in the past six 

weeks, any neurologic or musculoskeletal condition affecting the back or lower limbs, or 

any MRI incompatibility.  

2.3.2 Anthropometry 

Height was measured to the nearest 0.1 cm using a wall-mounted stadiometer and 

weight was measured to the nearest 0.1 kg using a calibrated scale.  Body mass index 

(BMI; kg/m2) was derived from height and weight as an anthropometric estimate of 

adiposity.  Right tibial length was measured from the base of the medial malleolus to the 

superior margin of the medial epicondyle [22].  The 66% site (from the distal end) was 

calculated from the total tibia length and identified with a fiducial marker.   

2.3.3 Image acquisition 

A 3.0T MRI scanner and an 8-channel phased array RF knee coil (General 

Electric Healthcare Discovery MR 750, Milwaukee, WI) were used for all imaging.  

Participants were positioned supine with knees extended and both feet immobilized in a 

custom standardized positioning rig comprised of wooden footrests that supported the 

ankle joints in neutral and suspended the calf muscles above the scan bed to prevent 

muscle distortion in the image [18].  The right leg was placed in the RF coil with the 

fiducial marker (66% site) centered in the coil prior to advancing the participant feet first 

into the magnet bore.  The scanning protocol was repeated three times.  Participants were 
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not repositioned between the three sets of scans and were instructed not move for 

approximately 75 minutes.  An accredited MRI technologist conducted all scanning.  

The scanning protocol began with the acquisition of a three-plane localizer scan 

(31s duration).  Axial proton density (PD) weighted images were acquired with the 

following parameters: 30 contiguous slices (FRFSE-XL, 15th slice was centred in the 

middle of the fiducial marker), TE/TR = 30/2344ms, field-of view (FOV) = 16cm, matrix 

= 320x320mm, slice thickness = 4mm (0mm skip), resolution = 0.5x0.5x4mm, scan time 

= 6min 30s.  The phased array uniformity enhancement (PURE) post-processing filter 

was applied to PD images to correct for field inhomogeneity and reduce edge blurring, as 

shown in Figure 2.1.  The baseline PD scans were performed three minutes after the 

localizer scan was initiated.  The PD scans were repeated 30 and 60 minutes after the 

baseline PD scanning, which corresponded to minutes 33 and 63 of the scan acquisition 

protocol. 

Apart from in-plane resolution, DTI scans were acquired with identical geometry 

as the PD scans.  DTI scans were acquired using a dual spin-echo planar imaging (EPI) 

pulse sequence with the following parameters: 30 slices, 4mm thick, 0 skip, 15 optimized 

diffusion encoding gradients [18], one b = 0 s/mm2, b-value = 350 s/mm2, TE/TR = 

68.3/6000ms, number of excitations (NEX) = 4, matrix size = 64x64mm, total time per 

average = 1min 42s, total scan time = 6min 48s.  Each average was collected separately to 

correct for eddy currents and motion prior to merging and subsequent calculation of the 

diffusion tensor.  DTI scans were acquired immediately following PD image acquisitions 

at baseline (10 minutes after localizer scan initiation) and were repeated at 40 minutes and 
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70 minutes of the scan acquisition protocol.  For convenience, the three PD and DTI 

acquisition time points are referred to as baseline, 30 and 60 minutes of supine rest 

throughout the manuscript. 

 

Figure 2.1: Representative leg images from a woman aged 75 years.  Proton density 

(PD) with PURE filter (a), PD water saturated (b), and PD fat saturated (c) axial images 

of the leg 66% site marked by a fiducial marker.  Skeletal muscle and adipose tissue areas 

of the leg were segmented (d) in contrasting colors from the PD PURE-filtered image. 

 

2.3.4 Image processing and analyses protocols 

Prior to processing and analyses, axial PD images were visually inspected by an 

accredited technologist to screen for potential subclinical pathology.  The PURE-filtered 

PD images acquired at each time point were exported to a separate PC workstation where 

SliceOmatic v4.3 software (TomoVision, Montreal, Canada) was used to analyse the 
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images.  Total muscle CSA was calculated from three contiguous axial images nearest to 

the site with the largest leg muscle CSA.  The semi-automated segmentation process 

involved two stages.  First, all pixels representing soft tissue below the subcutaneous 

fascia were tagged using the morphological mode; and second, all pixels representing 

inter- and intra-muscular adipose tissue (bright pixels situated beneath the subcutaneous 

fascia, between the intermuscular fascia or within intramuscular fascia) were tagged in a 

contrasting colour using the region growing mode.  The software generated a histogram 

of the pixel intensity distribution within each image.  To segment the pixels representing 

adipose depots the separation threshold was defined as the (brighter) pixel intensities to 

the right of the muscle peak where the slope approached zero.  Sample PD and segmented 

images are presented in Figure 2.1.  Manual editing by visual inspection was performed to 

make small adjustments as needed.  Muscle CSA was calculated as the quotient of muscle 

volume and total thickness of the three slices analysed. 

DTI outcomes were calculated for five regions of interest (ROIs) defined within 

four leg muscles: tibialis anterior (TibA), tibialis posterior (TibP), soleus (SOL), medial 

head of gastrocnemius (MG) and lateral head of gastrocnemius (LG).  Tensor calculation 

and subsequent analysis was performed using a combination of home-developed Bourne-

Again Shell (BASH) scripts, FSL [23] and Diffusion Toolkit (DTK) [24].  To correct for 

eddy current distortion the FSL eddy_current function was employed.  This function is 

based on a previously developed image registration tool [25] and was also used for 

motion correction.  The reference for eddy current and motion correction was the b = 0 

s/mm2 image of the first NEX.  Following tensor calculation, the five ROIs were 
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manually drawn on five contiguous images around the site with the largest leg muscle 

CSA using Analysis of Functional Neuroimaging (AFNI) software [26].  As shown in 

Figure 2.2, large ROIs were drawn for each muscle.  Visible vessels, fat and fascia were 

identified and excluded from the ROI using the corresponding PD images for anatomical 

reference.  Analysis of each ROI in the image stack yielded mean λ1, λ2, λ3, ADC and FA 

values.  The DTI outcomes of interest were ADC and FA, which were calculated as 

follows [27]:  

𝑨𝑫𝑪 =  
𝜆1 + 𝜆2 +  𝜆3

3
                                                                                      (1) 

𝑭𝑨 =  √
3

2
 √

(𝜆1 − (𝜆))2 +  (𝜆2 − (𝜆))2 +  (𝜆3 − (𝜆))2

𝜆1
2 +  𝜆2

2  + 𝜆3
2                           (2) 

where (𝜆) represents the mean of all three eigenvalues.  

2.3.5 Statistical analysis 

All data were visually inspected and statistically assessed with the Kolmogorov-

Smirnov test for violations of normality.  Data are described as mean and standard 

deviation (SD).  One-way analysis of variance (ANOVA) was used to compare baseline 

characteristics of the groups of young and older women.  To address our study objectives, 

we applied a repeated measures ANOVA with one between-person factor at two levels 

(age group: young, older) and one within-person factor at three levels (occasion: baseline, 

30 minutes, 60 minutes) to the outcomes muscle CSA, ADC, and FA.  If the within-

person F-value was significant, differences between baseline, 30-minute, and 60-minute 

occasions were subsequently tested using pairwise comparisons with a Bonferroni 

adjustment set at p < 0.05 for all comparisons.  If the sphericity assumption was not met, 
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the Greenhouse Geisser adjusted F-value was reported.  All statistical analyses were 

performed with SPSS V.20 (Statistical Package for the Social Sciences Inc., Chicago, IL, 

USA).  

 

Figure 2.2: Axial image of the leg indicating diffusion tensor imaging regions of 

interest (ROIs).  The analyzed ROIs are indicated by the colored pixels in the anatomical 

proton density (PD) weighted reference image.  

TibA = tibialis anterior, TibP = tibialis posterior, SOL = soleus, MG = gastrocnemius 

medial head, LG = gastrocnemius lateral head 

 

2.4 RESULTS  

Nine young and nine older women participated in the study.  Descriptive and 

anthropometric characteristics of the participants are summarized in Table 2.1.  The 

groups were statistically similar in height (p = 0.19), weight (p = 0.20), and BMI (p = 
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0.88).  Data for two participants, one from each group, were excluded from analyses due 

to operator error during scan acquisition (young) or image artifact (older).  

 

Table 2.1: Participant descriptive characteristics 

 

Characteristic 

Young  

(n = 9) 

 Older  

(n = 9) 

Min, Max Mean (SD)  Min, Max Mean (SD) 

Age (y) 22, 30 25.8 (3.4)  65, 75 71.0 (3.8) 

Height (cm) 155, 185 169.8 (11.1)  155, 169 160.9 (5.1) 

Weight (kg) 54, 86 68.0 (11.7)  47, 82 60.9 (10.0) 

Body mass index (kg/m2) 19, 33 23.7 (4.6)  19, 29 23.4 (3.1) 

Max = maximum; Min = minimum 

 

2.4.1 Effect of supine rest on muscle CSA 

 Leg muscle CSA for young and older women at baseline, 30 minutes and 

60 minutes of resting supine are illustrated in Figure 2.3.  There was no significant effect 

of time spent supine on muscle CSA in young or older women. Since muscle CSA 

remained stable over time for the young and older women, the intraclass correlation 

coefficient and standard error of the measurement were calculated (Appendix E).  
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Figure 2.3: Individual values for total leg muscle cross sectional area (CSA) plotted 

as a function of time. Muscle CSA (cm2) for young (A, n = 8) and older (B, n = 8) 

women at baseline (BL), 30-minute, and 60-minute time points  

 

2.4.2 Effect of supine rest on muscle DTI  

Table 2.2 provides the mean ADC and FA values for each muscle ROI for each 

group at baseline, and after 30 and 60 minutes spent in supine position.  Figure 2.4 

illustrates the ADC values in the leg muscle ROIs at each time point for each young and 

older woman.  Between baseline and 30 minutes spent supine, ADC was significantly 

reduced in the TibA (p = 0.003), SOL (p = 0.005), MG (p < 0.001), and LG (p = 0.001) 

for both young and older women.  Between 30 and 60 minutes of supine lying, MG and 

LG continued to decrease in the young and older women and these changes were 

significant (MG: p < 0.001; LG: p = 0.02).  Compared to the older women, the decline in 

MG ADC was significantly greater in the young women between baseline and 30 minutes 

in supine (FGG(1.44, 20.17) = 4.12, p = 0.043).

A B 
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Table 2.2: Fractional anisotropy (FA) and apparent diffusion coefficient (ADC, x10-3 mm2/s) represented at three time 

points (baseline, 30 minutes , 60 minutes) of supine lying for five leg muscle regions of interest (ROIs) for the groups of 

young and older women. All measures are presented as mean (SD)  

 

ROI  
Young (n = 8)  Older (n = 8) 

BL 30min 60min  BL 30min 60min 

TibA FA 0.22 (0.02) 0.22 (0.01) 0.23 (0.01)  0.23 (0.02) 0.23 (0.02) 0.24 (0.02) 

ADC 1.72 (0.04) 1.66 (0.05) 1.66 (0.04)  1.74 (0.08) 1.68 (0.09) 1.67 (0.07) 

TibP FA 0.24 (0.03) 0.23 (0.03) 0.23 (0.03)  0.27 (0.04) 0.28 (0.03) 0.28 (0.04) 

ADC 1.74 (0.07) 1.74 (0.08) 1.73 (0.06)  1.86 (0.17) 1.78 (0.11) 1.74 (0.09) 

SOL FA 0.24 (0.01) 0.23 (0.01) 0.23 (0.01)  0.25 (0.02) 0.24 (0.02) 0.24 (0.02) 

ADC 1.70 (0.07) 1.67 (0.06) 1.66 (0.08)  1.72 (0.11) 1.67 (0.10) 1.65 (0.09) 

MG FA 0.27 (0.02) 0.26 (0.01) 0.26 (0.01)  0.28 (0.03) 0.27 (0.02) 0.27 (0.02) 

ADC 1.63 (0.11) 1.56 (0.11) 1.54 (0.10)  1.70 (0.12) 1.67 (0.13) 1.65 (0.12) 

LG FA 0.28 (0.04) 0.28 (0.03) 0.27 (0.03)  0.27 (0.02) 0.27 (0.03) 0.27 (0.03) 

ADC 1.67 (0.12) 1.63 (0.11) 1.60 (0.10)  1.67 (0.12) 1.62 (0.13) 1.58 (0.12) 

BL = baseline, TibA = tibialis anterior, TibP = tibialis posterior, SOL = soleus, MG = medial gastrocnemius, LG = lateral 

gastrocnemius.  
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Figure 2.5 illustrates the FA values in the leg muscle ROIs at each time point for 

each young and older woman.  There were no differences in FA over time between young 

and older women at any muscle ROI.  In the SOL, young and older women had 

significant decreases in FA between baseline and 30 minutes (p = 0.026) without any 

detectable change thereafter (p = 0.52).  Since FA remained stable over time for the 

young and older women, intraclass correlation coefficients for each muscle ROI were 

calculated (Appendix E).  

2.4.3 Group comparisons 

 Young women had larger muscle CSA compared to older women (F(1,14) = 9.3, p 

= 0.009).  Table 2.3 provides the mean λ1, λ2, and λ3 for each muscle ROI for each group 

at baseline, and after 30 and 60 minutes spent in supine position.   Mean values of λ1, λ2, 

and λ3 were generally larger for older women than young women; however, there were no 

statistically significant differences for any muscle ROI (all p ≥ 0.13), with the exception 

of TibP λ1 (F(1,14) = 6.5, p = 0.02).  ADC for all ROIs was similar between groups. 

Older women had higher FA values for all ROIs, however the difference was only 

significant at the TibP (F(1,14) = 5.51, p = 0.034).  
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Figure 2.4: Individual values for apparent diffusion coefficient (ADC) for leg  

muscles in young and older women plotted as a function of time.  ADC (x10-3 mm2/s) 

for young (left column, n = 8) and older (right column, n = 8) women at baseline (BL), 30 

and 60-minute time points for five muscle regions of interest.  
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Figure 2.5: Individual values for fractional anisotropy (FA) for leg muscles in young 

and older women plotted as a function of time.  FA for young (left column, n = 8) and 

older (right column, n = 8) women at baseline (BL), 30 and 60-minute time points for five 

muscle regions of interest  

 



 

 

Table 2.3: Eigenvalues (x10-3 mm2/s) represented at three time points (baseline, 30 minutes, 60 minutes) of supine lying 

for five leg muscle regions of interest for the groups of young and older women.  All measures are presented as mean (SD)  

 

ROI  Young (n = 8)  Older (n = 8) 

BL 30min 60min  BL 30min 60min 

TibA λ1 2.14 (0.07) 2.07 (0.05) 2.08 (0.05)  2.19 (0.07) 2.12 (0.09) 2.09 (0.08) 

λ2 1.61 (0.04) 1.56 (0.05) 1.55 (0.04)  1.61 (0.10) 1.56 (0.09) 1.52 (0.07) 

λ3 1.41 (0.03) 1.35 (0.05) 1.35 (0.04)  1.45 (0.13) 1.38 (0.09) 1.35 (0.08) 

TibP λ1 2.20 (0.14) 2.19 (0.12) 2.18 (0.09)  2.41 (0.19) 2.32 (0.15) 2.28 (0.12) 

λ2 1.63 (0.07) 1.63 (0.08) 1.61 (0.07)  1.73 (0.17) 1.65 (0.15) 1.62 (0.11) 

λ3 1.38 (0.06) 1.40 (0.07) 1.38 (0.06)  1.48 (0.18) 1.37 (0.07) 1.33 (0.09) 

SOL λ1 2.15 (0.07) 2.09 (0.06) 2.08 (0.08)  2.19 (0.15) 2.12 (0.13) 2.09 (0.12) 

λ2 1.58 (0.08) 1.55 (0.08) 1.56 (0.10)  1.59 (0.11) 1.55 (0.10) 1.54 (0.09) 

λ3 1.38 (0.07) 1.36 (0.05) 1.35 (0.06)  1.40 (0.10) 1.33 (0.07) 1.32 (0.06) 

MG λ1 2.13 (0.14) 2.03 (0.13) 2.01 (0.11)  2.24 (0.18) 2.19 (0.18) 2.16 (0.17) 

λ2 1.45 (0.13) 1.40 (0.12) 1.38 (0.11)  1.53 (0.11) 1.51 (0.12) 1.50 (0.12) 

λ3 1.30 (0.08) 1.25 (0.08) 1.23 (0.09)  1.37 (0.11) 1.31 (0.10) 1.30 (0.10) 

LG λ1 2.19 (0.12) 2.13 (0.11) 2.09 (0.08)  2.17 (0.18) 2.10 (0.19) 2.06 (0.18) 

λ2 1.55 (0.16) 1.51 (0.14) 1.48 (0.13)  1.58 (0.13) 1.53 (0.12) 1.49 (0.10) 

λ3 1.28 (0.12) 1.25 (0.11) 1.23 (0.11)  1.30 (0.12) 1.23 (0.09) 1.21 (0.10) 

ROI = region of interest, BL = baseline, TibA = tibialis anterior, TibP = tibialis posterior, SOL = soleus, MG = medial 

gastrocnemius, LG = lateral gastrocnemius 
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2.5 DISCUSSION 

This study evaluated the influence of a period of time spent in supine lying on leg 

muscle CSA, ADC, and FA in young and older women.  We obtained repeated measures 

of CSA and water diffusion properties in the leg muscle of healthy young and older 

women after they were positioned in supine lying to evaluate whether these measures 

change as a function of the amount of time spent in a recumbent posture.  For both young 

and older women, 60 minutes of supine rest did not significantly alter muscle CSA.  ADC 

declined significantly and similarly between baseline and 30 minutes for all women in 

most muscles, with only the rate of decline in MG ADC differing between groups.  In 

both groups, FA in most muscles was not detected with 30 or 60 minutes of supine rest.  

Compared to older women, the young women had larger leg muscle CSA and lower TibP 

FA values.  Taking into account the effect of time, our findings suggest that young and 

older women have similar DTI measures in leg muscles that change similarly over 30 and 

60 minutes of supine rest.  MRI scanning for muscle CSA and most DTI measures can be 

performed without delay in young and older women.  

The current investigation was motivated by previous studies that reported that 

muscle CSA and diffusivity properties (eigenvalues and ADC) were significantly reduced 

in young adults within half an hour of assuming supine lying for baseline scanning [17, 

18].  Muscle CSA was reduced on average (SD) by 3.2 (1.0)% and 4.9 (1.2)% following 

just 34 and 64 minutes of supine rest, respectively, in healthy young adults (mean age 

26.8 years) [17].  To assess if time spent in supine influences muscle CSA and water 

diffusivity properties differ in older women,  we replicated a previously reported image 
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acquisition protocol performed in our laboratory [17, 18].  Contrary to the previous study, 

our findings suggest that leg muscle CSA in healthy young women does not decrease 

significantly after 30 or 60 minutes of supine rest.  Interestingly, we made the same 

observation for muscle CSA in older women.  This suggests that any fluid shifts resulting 

from a short duration of supine rest do not significantly alter leg muscle CSA.  The effect 

of supine rest on lower extremity fluid shifts and subsequent changes in muscle CSA are 

reported by others as well [2, 15, 16].  Berg (1993) used computed tomography to study 

CSA changes in the thigh and calf of eight healthy males with a mean age of 27 years.  

They demonstrated that after 60 minutes of supine rest muscle CSA was reduced by a 

mean (SD) of 5.5 (2.7%) compared to baseline [2].  These findings were supported by a 

study that measured leg muscle CSA with MRI in healthy college students and reported a 

mean (SD) decrease of 8 (2.0)% in response to 12 hours of resting supine [15].  A 

possible reason for the discordance of our findings in the young women can be explained 

by differences in participant characteristics, namely sex and training status.  Previous 

studies examined athletes [2, 16] or a mixed sample of men and women of unknown 

training status [17, 18].  Athletes and men typically exhibit larger muscle CSA [8] and 

improved microvascular fluid filtration [28, 29].  It is possible that athletically trained 

individuals may demonstrate better awareness of their hydration levels.  These training-

related factors are potentially related to muscle CSA response to supine rest, since an 

increased amount of lean tissue and fluid volume, combined with a greater microvascular 

filtration capacity would present a higher likelihood of experiencing fluid shifts in 

response to 30 or 60 minutes resting supine.  Our recruitment strategy focused on 
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enrolling women, both young and older, with moderate physical activity levels.  

However, by doing so, we excluded participants that would be more likely to demonstrate 

fluid shifts detectable with MRI in 60 minutes or less.  Advanced age and sex [19] also 

contribute to the observation of smaller muscle CSA, which may partially explain the 

non-significant decreases in our sample compared to earlier studies combining data for 

young men and young women [2, 15-18].  

Aging is associated with atrophy and fatty infiltration of muscle tissue.  Peripheral 

blood vessel compliance also declines with age and has been implicated in slower 

vascular responses to gravitational stresses [30, 31].  The loss of muscle mass and 

accumulation of non-contractile tissue within the muscle result in a smaller volume of 

vasculature and contractile tissue that would be affected by fluid shifts in response to 

postural changes.  Blood pressure in the leg increases in an erect posture.  In contracting 

muscle, increased blood flow to skeletal muscle in response to a greater level of physical 

exertion required to walk from the bus stop or parking lot to our imaging suite may have 

affected the muscle CSA values obtained at baseline, particularly for older women.  

However, the absence of muscle CSA change between imaging time points suggests that 

the muscle contractions required to walk the distance to our imaging suite were 

insufficient to cause a large fluid shift response.  

This is the first study to compare the influence of time spent in supine on leg 

muscle DTI measures in young and older women.  Our findings of ADC change over time 

are generally in agreement with Elzibak et al. (2013) who found young adult leg muscle 

ADC values significantly decreased within 34 minutes of supine rest, without significant 
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change in FA over that same time period [18].  Despite our best efforts to replicate the 

image acquisition protocol, differences in DTI analysis may account for the lack of 

change in TibP ADC and the continued decline in MG and LG ADC between 30-minute 

and 60-minute time points.  Our analysis included drawing large ROIs in five slices at 

each of the time points, whereas Elzibak et al. (2013) only evaluated one axial image at 

each time point.  Selection of one slice for analysis reduces the number of pixels included 

for DTI calculations and consequently underestimates the amount of diffusivity 

variability within each muscle ROI.  A greater number of voxels selected in a greater 

number of slices provides more generalizable findings in terms of representing water 

diffusivity within a muscle.  Further, our data showed that SOL FA decreased similarly 

over time for young and older women.  This observation was not made previously, but 

may be attributed to the complex architecture of the SOL and the inclusion of more slices 

for analysis which capture the changes in muscle fibre orientation within the five-slice 

ROI [32].  Fat infiltration leads to partial volume effects and affects the quantification of 

DTI measures [33], however the ROIs were carefully selected to exclude visible fat, 

especially apparent in the leg images from older women.  Membrane permeability, fat 

infiltration, and other macromolecules are known to affect water diffusivity [33, 34]; the 

distribution of these morphological attributes may be less homogenous within aging 

skeletal muscle compared to young adult muscle.  Furthermore, with less muscle area in 

older muscle, the influence of inhomogeneous muscle morphology on diffusion properties 

would be emphasized.  Fat infiltration within the selected ROI influences diffusion 

properties by producing falsely low eigenvalues and inflated FA values, which reduce the 
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validity of the measurements [33, 36].  In our study, DTI was done using spectral spatial 

RF pulses which do not excite fat, and therefore, the degree of contamination was thought 

to be insignificant.  Whether the differences in DTI measures over a period of supine rest 

are due to fluid shifts or muscle fibre morphology cannot be discerned in this study.  

In contrast to age-related changes in leg muscle water diffusivity reported in men 

[14], the present study did not observe significant differences in leg muscle eigenvalues, 

ADC, or FA between young and older women.  Indeed, both groups of women in our 

sample had higher mean λ1, λ2, and λ3 values at the TibA, SOL, MG, and LG, compared 

to the previously reported sample of men [14].  This is in agreement with previous work 

that documented higher eigenvalues in young women compared to young men [13].  

While the reasons for these sex-related differences are unknown, others have suggested 

that microstructural barriers, capillary density, and fibre bundle length differences affect 

diffusion properties [13].  There are a number of potential explanations as to why we did 

not observe age-related differences.  First, DTI acquisition parameters can make direct 

comparisons between studies challenging.  Although 1.5T and 3T MR systems generate 

comparable DTI measures, SNR decreases with increasing b-values and fewer than 12 

diffusion encoding directions [35, 36].  In support of the acquisition parameter 

similarities, the values for all DTI measures in the young women of our study are 

comparable with previous DTI data for three women obtained  using the same MR 

scanner and image acquisition settings [17, 18].  Lower λ1 values and higher diffusion 

across muscle fibres and within the cross-section of a muscle fibre, represented by λ2 and 

λ3, respectively, are believed to reflect reduced diffusivity along the long axis of the 
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muscle fibre and increased water diffusion perpendicular to the long axis [1].  The values 

for λ2 and λ3 observed in our sample were similar to those reported among healthy adults 

[18] and did not suggest a disruption in diffusivity in the leg muscles of young or older 

women.  Next, our small sample size and the dispersion within the DTI measures in older 

women (Figures 2.4 and 2.5) may have masked any age-related trend.  Our study 

highlights the importance of reporting diffusion measures separately for men and women 

in future studies.  Continued research is warranted to validate in vivo DTI measures with 

muscle architecture. 

The limitations of our study findings must be considered when interpreting our 

results.  First, intra-rater reliability of muscle CSA segmentation and DTI analyses were 

not assessed, however we minimized potential variability by having one individual 

perform all analyses.  Second, a small sample limits our confidence in the finding that 

muscle CSA and water diffusivity measures change similarly in young and older women.  

We recruited women who self-reported moderate physical activity levels because we 

anticipated that differences in training status would account for differences in muscle 

response to time spent supine.  Thus, women with poor or very high physical fitness 

levels were excluded.  However, we did not account for the duration or perceived 

difficulty of the commute to the imaging suite for the older participants.  To reduce the 

influence of factors related to the commute, only healthy individuals were enrolled and 

persons with diagnoses that may exacerbate muscle atrophy (e.g., cardiac and pulmonary 

diseases) were excluded from our study.  Lastly, we acknowledge the influence of 

thermal and hydration factors on muscle CSA and fluid shift. Although temperature and 
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hydration were not measured in the present study, the imaging suite temperature was 

maintained between 20°C and 22°C and typical hydration levels would be expected since 

no formal instructions were provided prior to scanning sessions.  

 

2.6 CONCLUSIONS 

 We have demonstrated that MRI-based measures of CSA of the leg muscles in 

young and older women are not significantly changed by 30 or 60 minutes spent in a 

supine position.  In young and older women, FA did not change with increasing time 

spent in supine.  On the other hand, ADC in most muscles was reduced after 30 minutes, 

with MG and LG ADC values continuing to decrease until the 60-minute time point in 

young and older women.  In light of our findings, we conclude that muscle CSA and DTI 

measures in the leg of young and older women responded similarly during 60 minutes 

spent in supine.  Thus, is not necessary to adjust scanning order or include different 

durations of time of supine rest within MRI acquisition protocols that quantify size and 

microstructure in the leg muscles of young and older women.  Future studies evaluating 

structural adaptation in muscle microstructure in healthy women should standardize the 

MRI scanning protocol to eliminate the influence of declining ADC values in leg muscles 

after 30 minutes of supine rest. 
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CHAPTER THREE 
 

FEASIBILITY OF MAGNETIC RESONANCE IMAGING 

TO EVALUATE LEG MUSCLE MACROSTRUCTURAL 

AND MICROSTRUCTURAL PROPERTIES IN OLDER 

WOMEN  
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Publication status: This manuscript is under review in BMC Musculoskeletal Disorders.   

 

Summary: In this feasibility study, magnetic resonance imaging (MRI) methods (proton 

density (PD)-weighted imaging, diffusion tensor imaging (DTI) and proton magnetic 

resonance spectroscopy (1H-MRS)) were combined to evaluate macrostructural and 

microstructural properties of leg muscles in older women and address three specific 

feasibility objectives: 1) participant recruitment; 2) participant tolerance to the MRI 

acquisition protocol; and 3) establish acquisition and analyses protocols.  The secondary 

objective was to report parameter estimates of muscle outcomes.  Based on successful 

participant recruitment, tolerance, and optimal scan acquisition and analyses protocols, 

we have demonstrated that it is feasible to combine PD-weighted, DTI, and 1H-MRS 

imaging techniques for characterizing skeletal muscle structure in the leg of older women 
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3.1 ABSTRACT 

Objectives: The feasibility of combining magnetic resonance imaging (MRI) methods 

(proton density (PD)-weighted imaging, diffusion tensor imaging (DTI) and proton 

magnetic resonance spectroscopy (1H-MRS)) to evaluate macro- and microstructural 

properties of leg muscles in older women was determined with respect to: 1) describe the 

participant recruitment rate based on three strategies, 2) determine participant tolerance to 

the MRI scan acquisition protocol, and 3) establish the scan acquisition and analyses 

protocols.  The secondary objective was to report parameter estimates of muscle 

outcomes.  Methods: Recruitment feasibility was based on the number of participants 

enrolled using various strategies.  Participant tolerance was feasible if the scanning 

session was uninterrupted and image artifacts were absent.  Optimal PD imaging, DTI, 

and 1H-MRS acquisition and analyses protocols were established.  Results: Nine women 

(mean age = 71y) were recruited over four months.  The acquisition protocol was well 

tolerated by all participants.  Adaptations were required for women with short stature and 

vertebral fracture risk.  Analysis protocols were facilitated through application of the 

phased array uniformity enhancement filter to increase tissue contrast.  Total muscle and 

intramuscular fat areas, DTI measures, and intramyocellular lipid content were 

determined.  Conclusions: It is feasible to use a combination of MRI methods to evaluate 

muscle structure in the leg of older women. 

 

Keywords: feasibility, magnetic resonance imaging (MRI), postmenopausal women, 

lower extremity, skeletal muscle 
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3.2 INTRODUCTION 

Billions of healthcare dollars are spent annually to rehabilitate persons with functional 

limitations attributed to deteriorating muscle structure and function.  With aging, muscle 

fibres become less organized1, muscle mass decreases (with a preferential decline in the 

size and proportion of high-tension type II muscle fibres)2, and fat increasingly infiltrates 

muscle tissue3.  Further, neuromuscular adaptations result in an under-utilization of 

muscle fibres due to decreased motor unit number and activation4.  As a result, aging 

muscle becomes increasingly weak and less able to produce force rapidly.  With aging, 

both men and women lose muscle mass and accumulate intramuscular fatty deposits5; 

however, these age-related changes in muscle may be a greater public health concern for 

women because they live longer and generally exhibit higher rates of disability than men6. 

Women begin to lose muscle mass in mid-adulthood.  The onset of menopause 

coincides with decreased muscle strength7, increased intramuscular fat8, and increased 

oxidative stress9.  By the time women transition through menopause, dramatic declines in 

muscle mass and strength are observed4, 10.  Older women with muscle dysfunction in the 

lower extremities demonstrate mobility limitations11-13 and greater risk of hip fractures14.  

Magnetic resonance imaging (MRI) is the gold standard non-invasive method for 

clinical assessment of skeletal muscle pathology.  Thus, there is considerable interest in 

applying MRI to evaluate the association of muscle structure (e.g., size, fat infiltration) 

with important clinical health outcomes such as frailty, fractures, and impaired mobility12, 

13, 15.  A recent study showed that women with osteoporotic vertebral fractures have 

smaller paraspinal muscles and greater intramuscular fat infiltration compared with age-
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matched women without vertebral fractures16.  Among women at risk for knee 

osteoarthritis, quadriceps muscle fat infiltration predicts physical performance and muscle 

force production17.  In the leg, fat infiltration of ankle dorsiflexor and plantarflexor 

muscles is negatively associated with aerobic fitness and walking ability in adults with or 

at risk of diabetes18, 19.  Ankle dorsiflexor and plantarflexor muscles are essential for 

maintaining stability and balance during standing and whole body movements20, 21.  

Continued MRI investigation of leg muscles beyond the macrostructural measures of size 

and fat infiltration will improve our understanding of age-related microstructural muscle 

and fat properties and their relationship to important health outcomes.  

Diffusion tensor imaging (DTI) and proton magnetic resonance spectroscopy (1H-

MRS) are MRI scanning methods that permit analyses of muscle microstructure and 

composition at the tissue and cellular levels, respectively. (These techniques are reviewed 

elsewhere22, 23.)  In brief, DTI is based on the theory that water molecule diffusion in an 

anisotropic tissue is more likely to occur in the direction of least resistance.  DTI 

encoding gradients provide information about muscle microstructure at the tissue level by 

quantifying the magnitude of water diffusivity in three orthogonal directions.  The first 

eigenvalue (λ1) corresponds to water diffusion along the long axis of the muscle fibres, 

whereas the second and third eigenvalues (λ2, λ3) represent water diffusivity across fibres 

and across muscle fascicles24.  DTI measures in the soleus and gastrocnemius muscles, 

namely the fractional anisotropy (FA), of men are reduced with advancing age25.  The 

increased disorganization of muscle fibres, represented by lower FA values in older men, 

may affect physical performance, but this was not evaluated.  DTI has been used to study 
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trabecular bone tissue organization in older women26, but there are no published studies 

reporting DTI measures of muscle tissue in this population.  At the cellular level, 1H-

MRS quantifies and distinguishes lipid stored within a muscle (intramyocellular lipid, 

IMCL) from extramyocellular lipid stored outside of the muscle.  The technique 

compares spectra of metabolite concentrations from a volume of interest to the reference 

unsuppressed water signal.  Middle-aged women have greater amounts of IMCL and the 

amount of IMCL in the tibialis anterior muscle is negatively associated with insulin 

sensitivity18. Insulin sensitivity is a predictor of frailty27 and may also predict clinical 

outcomes such as fracture and impaired mobility.  Given that DTI and 1H-MRS provide 

detail about muscle morphology and fatty infiltration, we propose the application of these 

techniques in addition to the more commonly used measures of muscle and fat tissue 

macrostructure will provide a comprehensive understanding of muscle structure in older 

women.  

As a first step toward understanding the potential benefits of performing multiple 

MRI techniques to enhance the understanding of leg muscle status in older women, it is 

important to ensure that these protocols are feasible to implement in this population. 

Specifically, the feasibility objectives were to: 1) describe the participant recruitment rate 

based on three strategies, 2) determine participant tolerance to the MRI scan acquisition 

protocol, comprised of proton density (PD)-weighted, DTI, and 1H-MRS scanning; and 3) 

establish the scan acquisition and analyses protocols.  The secondary objective was to 

report parameter estimates for macro- and microstructural muscle outcomes that could be 

used to support sample size calculations in future studies28.  
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3.3 METHODS 

3.3.1 Study design 

This cross-sectional study was approved by our institutional REB (Appendix B).  

Written informed consent was provided by participants and MRI safety screening was 

conducted prior to initiating the study.  

3.3.2 Participant recruitment 

Community-dwelling women aged 65-75 years were recruited between January 

and April 2013 using poster advertisements, a presentation to a community group, and 

mailed letter invitations to past study participants who consented to be contacted 

regarding future studies.  Prior to enrolment, all interested volunteers were screened by 

telephone.  Women who reported moderate physical activity levels were considered 

eligible.  Exclusion criteria were: diabetes, chronic obstructive pulmonary disorder, 

stroke, cancer in the past five years, smoking cigarettes in the past two years, surgery in 

the past six weeks, chronic neurologic or musculoskeletal condition affecting the back or 

lower limbs, or MRI incompatibility.  

3.3.3 Anthropometry 

Height was measured in cm to the nearest 1mm using a wall-mounted stadiometer 

and weight was measured in kg to the nearest 0.1 kg using a calibrated scale.  Body mass 

index (BMI; kg/m2) was derived from height and weight as an anthropometric estimate of 

adiposity.  Right tibia length was measured from the base of the medial malleolus to the 

superior margin of the medial epicondyle29.  Measuring proximally from the medial 

malleolus, the 66% site was marked with a fiducial marker. 
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3.3.4 Self-reported physical activity 

Each participant completed the self-reported Rapid Assessment of Physical 

Activity (RAPA) questionnaire that consists of nine items requiring a yes or no response.  

Habitual physical activity was evaluated because it plays an important role in determining 

the extent of age-related intramuscular fat accumulation3.  Validity of scores on the 

RAPA for assessing physical activity in adults over 50 years of age has been established 

by demonstrating the anticipated association with scores on the Community Health 

Activities Model Program for Seniors (r = 0.54)30.  RAPA scores between six and ten 

represent an active lifestyle, whereas scores between two and five are considered under-

active30. 

3.3.5 Image acquisition protocols 

A 3.0T MRI scanner (General Electric Healthcare, Discovery MR750) and an 8-

channel phased array RF knee coil were used for all imaging.  Participant positioning on 

the scanner bed was standardized: each woman lay supine with knees extended and both 

feet immobilized.  A custom standardized positioning rig comprised of wooden footrests 

supported the ankle joints in neutral and suspended the calf muscles above the scan bed to 

prevent muscle distortion in the image31.  The participant’s feet were fixed to the footrests 

using a rubber cord with a cushion placed between the top of the foot and the rubber cord.  

The right leg was placed in the RF coil with the fiducial marker (66% tibial site) centered 

in the coil.  Padding, including a large cylindrical sponge, was placed under the posterior 

aspect of the knees and ankles to ensure the posterior leg was not resting on the coil.  

Prior to advancing the participant feet first into the magnet bore, one or two pillows were 
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provided to support the head in a comfortable position during scanning and an emergency 

call bell was provided to alert the MRI technologist in the event of discomfort.  Foam 

earplugs and noise-cancelling headphones were provided for ear protection.  Blankets 

were provided for warmth.  Subjects remained on the MRI scanner bed with their feet 

immobilized during the 35-minute scanning protocol.  One of two accredited MRI 

technologists conducted all scanning.  To reduce the effects of postural hypotension (i.e., 

dizziness), all participants sat on the scanner bed for 1 minute prior to dismounting.  

PD-weighted scanning 

The scanning protocol began with the acquisition of a 3-plane localizer scan (31s 

duration).  Axial PD-weighted images were acquired with the following parameters: 30 

slices (FRFSE-XL), TE/TR = 30/2344ms, field-of view (FOV) = 16cm, matrix = 

320x320mm, slice thickness = 4mm (0mm skip), resolution = 0.5x0.5x4mm, total scan 

time = 6min 30s.  The 15th slice of the series (counting inferior to superior) was centered 

in the middle of the fiducial marker.  

Diffusion tensor imaging (DTI) 

Apart from the in-plane resolution, DTI scans were acquired with the identically 

prescribed geometry as the PD-weighted images.  DTI scans were acquired using a dual 

spin-echo planar imaging (EPI) pulse sequence with the following parameters: 30 slices 

(4mm thick, 0mm skip), 15 optimized diffusion encoding gradients31, one b = 0s/mm2, b-

value = 350s/mm2, TE/TR = 68.3/6000ms, number of averages (NEX) = 4, matrix size = 

64x64mm, total time per average = 1min 42s, total scan time = 6min 48s.  Each NEX was 
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collected separately to correct for eddy currents and motion prior to merging and 

subsequent tensor calculation.  

Proton magnetic resonance spectroscopy (1H-MRS)  

A single voxel 1H-MRS measurement of a volume of interest in the tibialis 

anterior muscle was obtained using a point resolved spectroscopy (PRESS) pulse 

sequence.  The tibialis anterior was chosen because of its consistent orientation of muscle 

fibres parallel to the main magnetic field, which provides the greatest separation of lipid 

compartments32.  The following parameters were used: TE/TR = 30/1500ms, averages = 

128, total scan duration = 1min 18s.  The 40×20×20mm (16mL) volume of interest was 

placed within the tibialis anterior muscle to exclude subcutaneous fat, blood vessels, and 

bone in an image-guided manner.  Two pairs of saturation bands were manually placed to 

reduce the strong subcutaneous and bone marrow lipid signals.  Automated shimming 

improved the field homogeneity.  This procedure always resulted in a water peak full 

width half maximum (FWHM) of less than 0.231ppm.  

3.3.6 Image post-processing and analyses protocols 

Prior to processing and analyses, PD-weighted images were visually inspected by 

an accredited MRI technologist to screen for potential gross subclinical pathology.  

PD-weighted images 

The phased array uniformity enhancement (PURE) post-processing filter was 

applied to PD-weighted images to correct for image intensity non-uniformity and reduce 

edge blurring.  On a PC workstation, SliceOmatic v4.9 image analysis software 

(TomoVision) was used to analyse the PURE-filtered PD-weighted images.  Total muscle 
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and total intramuscular fat cross-sectional areas (CSA, cm2) were calculated from the 

15th image of the series, corresponding to the 66% site of the tibia.  The software 

generated a histogram of the distribution of pixel intensities within each axial image.  The 

fat separation threshold was defined as the pixel intensities to the right of the pixel 

intensities for the muscle tissue peak (brighter).  First, all pixels representing soft tissue 

below the subcutaneous fascia (except bone marrow) were tagged in blue using the 

morphological mode of SliceOmatic; second, all pixels representing inter- and 

intramuscular fat (bright pixels situated beneath the subcutaneous fascia, between the 

intermuscular fascia or within intramuscular fascia) were tagged in a contrasting colour 

using the region growing mode.  Pixels representing vessels in intermuscular 

compartments were tagged as fat.  Visual inspection determined whether manual editing 

for small adjustments was needed.  

DTI 

Eigenvalues (λ1, λ2, λ3; x10-3 mm2/s), apparent diffusion coefficient (ADC; x10-3 

mm2/s), and FA, were quantified for five regions of interest (ROIs) in four muscles: 

tibialis anterior, tibialis posterior, soleus, gastrocnemius medial head and lateral head.  

Tensor calculation and subsequent analysis were performed off-line using a combination 

of home-developed BASH (Bourne Again Shell) scripts, FSL33 and Diffusion Toolkit 

(DTK)34.  To correct for eddy current distortion, the FSL eddy_current function was 

employed.  This function is based on a previously developed image registration tool35 and 

was also used for motion correction.  The reference for eddy current and motion 

correction was the b = 0s/mm2 image of the first NEX.  Following tensor calculation, the 
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15th image of the series was used to manually draw five ROIs with Analysis of 

Functional Neuroimaging (AFNI) software36.  Using the axial PD-weighted image for 

anatomical reference, each ROI was selected to exclude visible vessels, fat and fascia.  

Projection maps and the corresponding anatomical reference image are illustrated in 

Figure 3.1.  Each ROI yielded λ1, λ2, λ3, ADC and FA values. ADC and FA are calculated 

as follows37:  

𝑨𝑫𝑪 =  
𝜆1 + 𝜆2 +  𝜆3

3
                                                                                      (1) 

𝑭𝑨 =  √
3

2
 √

(𝜆1 − (𝜆))2 +  (𝜆2 − (𝜆))2 +  (𝜆3 − (𝜆))2

𝜆1
2 +  𝜆2

2  + 𝜆3
2                           (2) 

where λ represents the mean of the three eigenvalues.  

1H-MRS  

Spectra from the tibialis anterior muscle volume of interest were analyzed using 

LCModel software (v6.2)38.  LCModel-derived lipid content is estimated by dividing the 

signal from a metabolite resonance area in a water suppressed spectrum by the signal 

from the water peak in an unsuppressed water reference signal acquired from the same 

voxel (see Appendix D for sample spectra).  The LCModel software automatically adjusts 

the phase and ppm shift of the spectra, estimates the baseline, and performs eddy current 

correction. 
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Figure 3.1: Sample diffusion tensor projection maps and proton density (PD) 

reference scan.  The first (a), second (b), and third (c) eigenvalues, apparent diffusion 

coefficient (d), and fractional anisotropy (e) at the 66% site of the leg.  The PD-weighted 

reference scan (f) is shown for the same individual. 

 

 

3.3.7 Evaluation criteria for feasibility objectives 

Participant recruitment aimed to evaluate the enrolment of nine healthy women 

into the study using three strategies: posters, a presentation, and a letter mail-out.  The 

recruitment rate was determined by the total number of volunteers attracted, interested, 

and screened through each strategy in order to enrol nine participants.  Criteria for 

feasible participant tolerance to the MRI scan acquisition protocol were uninterrupted 

scanning sessions for each individual and the absence of image artifacts.  PD-weighted, 

DTI and 1H-MRS scanning protocols were evaluated based on the optimal amount 

(100%) of data that could be used for analysis.  The scanning acquisition and analysis 

protocols would be considered feasible if there were no missing data.  Mean and standard 
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deviation (SD) values and 95% confidence intervals for all muscle and fat outcomes were 

generated using SPSS statistical software (v20.0: IBM Corp).   

 

3.4 RESULTS 

3.4.1 Feasibility of participant recruitment 

A summary of participant recruitment, including reasons for exclusion, is 

illustrated in Figure 3.2.  In four months, a total of 25 women expressed interest in the 

study.  The poster advertisements and a presentation to a local community group yielded 

nearly all of the interested volunteers.  The mailed letter invitation to past study 

participants yielded one interested volunteer.  Five of the 25 interested volunteers were 

not screened for eligibility, whereas 19 were successfully contacted and screened by 

telephone.  Ten of these women were ineligible for the study.  Therefore, nine 

participants met the eligibility and safety criteria and were enrolled.  Characteristics of the 

study participants are presented in Table 3.1.  The overall recruitment rate was one 

participant every two weeks.  
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Figure 3.2: Flow chart demonstrating the number of individuals exposed, interested, 

and eligible for the study based on recruitment strategy.  The number of volunteers 

excluded and the reasons for their exclusion are provided.  

COPD: chronic obstructive pulmonary disorder; MRI: magnetic resonance imaging; PD: 

proton density; DTI: diffusion tensor imaging; 1H-MRS: proton magnetic resonance 

spectroscopy.  

* Since the exact number of individuals reached by poster advertisements is unknown, 

total number of individuals exposed to this recruitment strategy cannot be calculated  
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Table 3.1: Participant characteristics (N = 9)  

 

Characteristics Mean (SD) 

Age (y) 71.0 (3.8) 

Height (cm) 160.9 (5.1) 

Weight (kg) 60.9 (10.0) 

BMI (kg/m2) 23.4 (3.1) 

Years since menopause (y) 22.7 (3.9) 

RAPA (points) 7 (1.7) 

RAPA: Rapid Assessment of Physical Activity 

 

3.4.2 Feasibility of participant tolerance to the scan acquisition protocol 

The scan acquisition protocol was successful and imaging sessions were uninterrupted for 

all participants.  Mounting the MRI scanner bed and assuming the supine position was 

performed with ease by most participants.  Modifications to participant positioning were 

made for women with greater thoracic kyphosis or (risk of) vertebral fracture because the 

narrow scanner bed posed challenges for assuming a supine position.  To assist these 

participants, the scan bed was lowered to allow the women to lie down on their side 

before slowly log-rolling over on to their back.  The MRI technologist and investigator 

stood on either side of the bed to ensure the participant could roll on to her back safely.  

Care was taken to ensure that upon assuming supine posture no additional positional 

adjustments were required.  Additional pillows were provided to support the head and 

neck to enhance comfort.  

 Accommodations were also made for participants of shorter stature with tibia 

lengths measuring less than 34cm.  A short distance between the ankle and knee joints 
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was problematic for the leg being scanned because the superior surface of the foot 

contacted the RF coil cord connection point, which caused uncomfortable pressure on the 

foot. For the two participants with tibia lengths measuring less than 34cm, the RF coil 

was positioned on a small angle and slightly more superiorly.  All efforts were made to 

keep the fiducial marker in the middle of the extremity coil to avoid signal loss around the 

66% site.  The coil diameter (13cm) was large enough to accommodate all legs, without 

the calf resting on the coil.  Another modification to the initial positioning protocol was 

made upon receiving feedback from the first two participants who said that the left leg 

(i.e., the side not being scanned) felt like it was not completely secure and was sliding 

during the scanning.  To address this issue and prevent potential motion during scanning, 

all subsequent participants had a Velcro strap fastened around the thighs.  

The total duration of the scanning protocol was 35min.  The amount of time spent 

motionless in the supine position was noted as a minor discomfort by four participants.  

However, the discomfort was not serious enough to require use of the call bell and there 

were no modifications to the acquisition protocol to address the minor discomfort.  

3.4.3 Feasibility of image acquisition protocol 

PD-weighted image acquisition was successful for all participants.  Interim 

analyses were conducted after the first four participants were scanned to confirm good 

image quality was achieved.  Bright signal intensity bands in the frequency encoding 

direction (right/left) in the PD-weighted images were identified with image segmentation 

(Figure 3.3).  This type of signal resulted in segmentation pixels representing 

intramuscular fat that did not reflect its distribution within skeletal muscle.  An example 
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of the false distribution of pixels representing intramuscular fat is shown in Figure 3.3(c).  

To provide greater tissue contrast and less edge blurring, we retrospectively applied the 

PURE post-processing filter to the first four participants’ images and added this filter to 

the acquisition protocol for subsequent participants.  This modification successfully 

removed the unwanted intensity bands, improved tissue contrast, and reduced edge 

blurring, as shown in Figure 3.3(d).  Moreover, the PURE filter was practical because it 

did not increase the duration of the scan acquisition protocol or interfere with the 

watershed algorithm employed by the segmentation software.  

DTI scanning successfully produced images that could be analyzed for all but one 

participant.  For the participant with data excluded from analysis, DTI scans were 

unreadable due to image artifacts.  

1H-MRS scanning and analysis was successful for all participants. The parameters 

remained unchanged.  

3.4.4 MRI muscle and fat parameter estimates  

The mean, SD, and 95% confidence interval (95% CI) values and for PD-

weighted, DTI, and 1H-MRS measures are reported in Table 3.2.  Figure 3.4 illustrates the 

distribution of 1H-MRS IMCL resonance areas.  
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Figure 3.3: Representative axial leg images of a postmenopausal woman with and 

without the PURE filter application.  Images without the PURE filter (a, c) and images 

with the filter (b, d) are presented as original (a, b) and segmented (c, d) scans. 

Misrepresentation of intramuscular fat (yellow) with muscle (blue) occurred as a result of 

signal intensity bands near the subcutaneous fat (c). The PURE post-processing filter 

applied to the axial PD images of the leg removed the bright signal that was falsely 

representing intramuscular fat (d). 
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Table 3.2: Variability in proton density imaging, diffusion tensor imaging, and 

proton magnetic resonance spectroscopy muscle and fat outcomes in the leg muscle 

regions of interest (ROIs). All values presented as mean (SD) with 95% confidence 

interval (CI) 

 

MRI scanning technique and ROI Mean (SD) 95% CI 

PD-weighted 

 Total Muscle CSA (cm2) 46.1 (8.53) (39.6, 52.7) 

 Total Intramuscular fat CSA (cm2) 9.24 (6.18) (4.5, 14.0) 

DTI 

λ1 (x 10-3 mm2/s)   

 Tibialis anterior 2.15 (0.12) (2.06, 2.24) 

 Tibialis posterior 2.05 (0.35) (1.78, 2.32) 

 Soleus 2.16 (0.11) (2.08, 2.24) 

 Medial gastrocnemius 2.18 (0.21) (2.02, 2.35) 

 Lateral gastrocnemius 2.13 (0.22) (1.97, 2.30) 

λ2 (x 10-3 mm2/s) 

 Tibialis anterior 1.56 (0.16) (1.44, 1.69) 

 Tibialis posterior 1.42 (0.31) (1.18, 1.66) 

 Soleus 1.53 (0.10) (1.45, 1.61) 

 Medial gastrocnemius 1.47 (0.11) (1.38, 1.56) 

 Lateral gastrocnemius 1.54 (0.16) (1.42, 1.66) 

λ3 (x 10-3 mm2/s) 

 Tibialis anterior 1.40 (0.12) (1.31, 1.49) 

 Tibialis posterior 1.16 (0.35) (0.89, 1.43) 

 Soleus 1.35 (0.09) (1.28, 1.42) 

 Medial gastrocnemius 1.31 (0.13) (1.20, 1.41) 

 Lateral gastrocnemius 1.25 (0.13) (1.15, 1.34) 

ADC (x 10-3 mm2/s) 

 Tibialis anterior 1.70 (0.13) (1.60, 1.80) 
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 Tibialis posterior 1.54 (0.33) (1.29, 1.80) 

 Soleus 1.68 (0.09) (1.61, 1.75) 

 Medial gastrocnemius 1.65 (0.15) (1.54, 1.77) 

 Lateral gastrocnemius 1.64 (0.15) (1.52, 1.76) 

FA 

 Tibialis anterior 0.23 (0.02) (0.214, 0.250) 

 Tibialis posterior 0.32 (0.11) (0.237, 0.402) 

 Soleus 0.25 (0.03) (0.230, 0.269) 

 Medial gastrocnemius 0.28 (0.03) (0.256, 0.296) 

 Lateral gastrocnemius 0.27 (0.03) (0.246, 0.296) 

1H-MRS 

 IMCL content (mmol/kg wet weight) 0.091 (0.054) (0.050, 0.132) 

PD: proton density; DTI: diffusion tensor imaging; CSA: cross-sectional area; ADC: 

apparent diffusion coefficient; FA: fractional anisotropy; 1H-MRS: proton magnetic 

resonance spectroscopy; IMCL: intramyocellular lipid 

 

 

3.5 DISCUSSION 

This study suggests that it is feasible to recruit a sample of community-dwelling, 

older women to perform PD-weighted, DTI, and 1H-MRS scanning techniques for 

measuring muscle structure in the leg.  The four-month (January thru April) recruitment 

strategy yielded 25 interested volunteers, of which nine met the safety and eligibility 

criteria.  The protocol was well tolerated by all participants.  Acquisition parameters were 

enhanced for the PD-weighted images to improve tissue contrast for segmentation 

analysis.  Complete data were obtained and analyzed from PD-weighted and 1H-MRS 

scanning protocols.  This is the first study to combine three MRI techniques to assess 

muscle structure in the leg of older women non-invasively.  
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Figure 3.4:  Individual values for intramyocellular lipid (IMCL) content.  Relative 

IMCL content was quantified with 1H-MRS in the tibialis anterior muscle of nine older 

women. The dotted horizontal line represents the mean value. 

 

 Posters and a brief presentation to a community group of older adults yielded all 

study participants.  Although we cannot determine how many women viewed the poster 

advertising, the overall rate of recruitment was about one participant every two weeks. 

Recruitment of older adults for health research studies suggests that nearly three 

volunteers must be screened to enroll one eligible participant39.  Our short recruitment 

timeline required nearly two volunteers to be screened for every participant included. 

This improved rate of inclusion may be because we targeted community and seniors 

centers, since we expected that moderately active women between the ages of 65 and 75 

would be frequenting these facilities.  However, we may have missed potentially eligible 

women that do not frequent these centers.  Presentations have been reported to yield a 

high number of interested volunteers and eligible participants among older adults for 
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health research40.  Similarly, we found that the presentation to a community group of 58 

women given by the lead investigator was an efficient recruitment strategy.  We 

speculated that putting a face to the project, up-front clarification of the study goals, and 

an explanation of participant exclusion criteria might have contributed to the success of 

this strategy.  As reported previously by Adams et al (1997), mailing letters was not a 

successful strategy.  Although the 30 letter recipients had previously participated in 

research conducted by the current study investigators and indicated interest in future 

participation, the poor response may have related to the small number of letters sent, the 

time of year, or changes in health status.   

 Physical characteristics that impacted positioning of older women on the MRI 

scanner bed were short stature and the presence (or risk of) vertebral fracture and 

kyphosis.  Women with short stature were more likely to have short tibiae, and, in turn, 

positioning the extremity coil around the region of interest posed a challenge that we 

overcame while ensuring that signal was not lost.  Importantly, all images acquired from 

women of short stature were successfully analyzed.  Women with kyphosis or (a risk of) 

vertebral fracture must be aware of their spinal alignment during daily activities.  Severe 

kyphosis (i.e., hyperkyphosis) modifies the forces on vertebral bodies41 and reduces trunk 

proprioception42.  Therefore, movements that involve bending and twisting about the 

spine must be avoided43.  Special considerations were made for mounting and 

dismounting the scanner bed and finding a comfortable supine position to assume during 

the scanning.  Future studies may elect to measure thoracic curvature to identify a 

kyphosis angle that may be contraindicated for longer MRI scanning protocols in the 
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supine position.  Discomfort in the supine position could lead to movement artifact; 

however, all scans in our study were analyzed successfully.  We suggest that future 

studies of older adults consider physical characteristics during the development of study 

design, since duration of the scanning protocol and positioning requirements could 

influence image quality.   

Optimal image quality is essential for segmenting intramuscular fat and muscle 

from PD-weighted images.  The PD-weighted images acquired prior to application of the 

PURE filter were affected by field inhomogeneity that could have resulted from 

variations in the magnetic field or the distance of the body segment to the receiving coil44.  

Segmentation of muscle and fat was simplified with the PURE filter because the greater 

contrast between tissues and less edge blurring reduced the amount of manual 

segmentation required.  We recommend that future studies interested in separating 

intramuscular fascia from muscle fascia or performing similar analyses employ a filter 

that improves tissue contrast, particularly among older adults with poorer muscle border 

definition and greater fat infiltration.  

In our image analysis protocol, muscle was segmented as a single unit, but there 

may be advantages to separating certain muscles or compartments.  Independent analysis 

of fat infiltration within individual muscles or functional muscle compartments would be 

valuable for ascertaining whether the size or tissue composition (fibre type distribution) 

of certain muscles correlates with certain disease or functional outcomes.  A recent study 

that examined individual muscles and compartments of healthy obese and diabetic adults 

reported that the gastrocnemius muscle had the greatest ratio of intramuscular fat to 
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muscle volume in the leg19.  Total calf intramuscular fat volume was inversely related to 

physical performance measured as the maximum distance walked in six minutes and the 

physical performance test, which evaluates how long it takes an individual to perform 

nine activities of daily living (e.g., ascending ten steps, picking up a coin off the floor)19.  

However, the relationships between individual muscles and physical performance 

measures were not tested19.  One practical consideration for analyzing individual muscles 

is the amount of time required to perform the segmentation.  Although semi-automated 

MR image analysis packages could reduce operator time for the measurement of certain 

muscles, their use is reliant upon sufficient image contrast of muscle borders to enable the 

software to delineate between muscles and compartments.  

Missing data resulted from a substantial amount of motion artifact in one 

participant’s DTI scan.  Knee and ankle joints were stabilized with padding to restrict 

movement during scanning, but padding within the coil was not a viable option.  Padding 

the leg within the coil would result in compression of the muscle fascia and lead to a 

change in the orientation of muscle fibres, resulting in modified diffusivity measures.  A 

study that measured soleus IMCL concentrations in endurance trained female runners 

reported padding the leg within the coil45, but the soleus is situated deep to the 

gastrocnemius muscle and compression would be less likely to affect the acquisition of 

metabolite spectra.  Moving forward, it may be prudent to examine the magnitude of the 

effect of padding on muscle DTI measures.  For studies exclusively focused on frail 

individuals or a population that would be challenged to remain motionless for a period of 

time, the development of a standardized padding strategy may be appropriate maintain 
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uniform effects for all participants.  

We successfully quantified relative IMCL content in the tibialis anterior muscle 

for all participants using 1H-MRS. The successful acquisition and analysis of IMCL 

content suggests that this non-invasive alternative to muscle biopsy32 is feasible for our 

sample of older women.  For consistency, the volume of interest was placed in the center 

of the tibialis anterior muscle to avoid including blood vessels and visible fat.  Placement 

of the volume of interest was more challenging for participants with smaller muscles, 

since less tissue was available for moving the volume of interest to exclude blood vessels. 

The spectroscopic analysis was successful for all our participants, which may be 

attributed to methodological considerations observed in our protocol.  Importantly, the 

separation of IMCL and from extramyocellular lipid pools is most distinct when muscle 

fibre alignment is parallel to the magnetic field32.  Consequently, the tibialis anterior 

muscle provides an excellent measurement site as compared to pennate muscles, such as 

the soleus and gastrocnemius.  Application of this technique may be important for 

investigating conditions related to fat infiltration of muscle, such as diabetes.  Boettcher 

et al. (2009) demonstrated that IMCL content is moderately and positively correlated with 

fat distribution in other depots, yet women showed a significant negative relationship 

between tibialis anterior IMCL content and insulin sensitivity (r = -0.44, n = 152, 95% 

CI: -0.30, -0.56).  The application of spectroscopy to evaluate metabolic muscle function 

associated with aging and disease has been discussed previously46, yet this is the first time 

feasibility data have been presented for measuring IMCL content in the leg muscle of 

older women.  Application of this method is recommended as a feasible non-invasive 
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alternative to the muscle biopsy for measuring IMCL content.  

Table 3.3: Examples of sample size calculations for prospective studies to determine 

the effect of increased physical activity level on leg muscle structure using the 

apparent diffusion coefficient (ADC) in older women  

 

Muscle ROI Effect size* 

Sample size 

estimate 

(per group) 

Total N 

required 

Tibialis anterior 2.03 5 10 

Soleus 1.51 8 16 

Medial gastrocnemius 0.79 27 54 

Lateral gastrocnemius 1.07 15 30 

All calculations are based on a two-tailed significance level set at 0.05 and a power of 

0.8. ADC measures for the control group were based on literature54  

* calculated as Cohen’s d 

 

  The final feasibility objective was to report parameter estimates of MRI muscle 

and fat outcomes to assist in sample size calculations.  Based on the values we report, 

Table 3.3 summarizes the number of individuals required to detect significant between-

group differences in ADC for older women with high or moderate levels of physical 

activity.  Depending on the muscle ROI, detecting differences in ADC could require as 

many as 54 participants, as in the case of medial head of gastrocnemius, or as few as ten 

participants, as the tibialis anterior estimate suggests.  Cross-sectional studies have 

recruited as few as 7 women45 and as many as 249 participants18.  The use of advanced 

MRI scanning is limited by the considerable level of expertise required for scan 

acquisition and analyses.  With the exception of tibialis posterior, the muscle ROIs we 

selected were similar to those reported in previous studies employing DTI in young 
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adults47, 48.  The eigenvalues in the ankle plantarflexor muscle ROIs (medial and lateral 

heads of gastrocnemius, tibialis posterior, soleus) of older women (Table 3.2) were lower 

compared to healthy young adults reported by Galban et al. (2005) and Deux et al. (2008).  

Similarly, mean λ1 in the ankle dorsiflexor muscle ROI (tibialis anterior) was lower 

among older women compared to young healthy adults47, 48.  However, mean λ2 and λ3 in 

the tibialis anterior ROI were greater than those reported in young adults47, 48.  The 

sample size estimates and cross-study comparisons should be interpreted in light of a 

number of factors that contribute to differences in these values, including the strength of 

the magnet, number of diffusion encoding directions, b value, and ROI selection.  Both 

studies described here for comparison47, 48 used a 1.5T magnet and fewer diffusion 

encoding directions (6 and 12) than our study. Image acquisition settings used in our 

study were in line with recommended number of diffusion encoding directions and b 

value49.  Previous reports show that ROIs containing voxels contaminated with fat 

infiltration and blood vessels introduce partial volume artifacts, which negatively affect 

the validity of diffusivity rates quantified by DTI50, 51.  To avoid the confounding effects 

of fat infiltration, we selected smaller ROIs composed of at least 75% lean tissue51.  We 

propose that future DTI studies examining elderly populations follow a similar approach 

to acquiring and analyzing muscle ROIs.  

We have demonstrated that applying advanced MRI scanning techniques is 

feasible for a cross-sectional study design; however, additional methodological 

considerations would be essential for applying these methods prospectively.  First, we 

acknowledge the importance of calculating the reliability of a measurement and therefore 
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interpret our parameter estimates with caution.  We did not report reliability coefficients; 

however, excellent intrarater reliability is reported for lower for extremity muscle and fat 

segmentation52, 53 and DTI muscle analysis50 using similar techniques and samples to 

ours. Second, important covariates of MRI measurements of muscle structure are vitamin 

D levels and habitual exercise levels. We did not measure serum vitamin D levels but all 

participants self-reported daily supplementation of 1000 to 2000IU of vitamin D.  Daily 

activity levels were captured with a self-report questionnaire validated in older adults.  

Finally, hydration status was not controlled and may have affected MRI muscle 

measurements.  We recommend that future studies consider these factors.  Additional 

aspects to consider prior to applying these techniques to monitor disease progression or 

treatment effects are the feasibility of participant retention.  

We recommend that future studies examine the association of muscle 

microstructure with clinical outcomes of physical performance.  It is important to gain 

knowledge about the relationships between muscle structure and physical function, since 

findings will identify outcomes for interventions aimed at preventing, managing, or 

treating disease- or age-related decline in skeletal muscle function. 

 

3.6 CONCLUSIONS 

Based on successful participant recruitment, tolerance, and optimal scan 

acquisition and analyses protocols, we have demonstrated that it is feasible to combine 

PD-weighted, DTI, and 1H-MRS imaging techniques for characterizing skeletal muscle 

structure in the leg of older women.  We provide adjusted protocols for participant 
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positioning and image acquisition based on our feasibility study of older women.  We 

recommend that the PURE filter be applied to PD-weighted images to improve tissue 

contrast and facilitate segmentation of muscle and intramuscular fat.  We identify 

additional factors to consider when applying these techniques in future studies.  
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Summary: Using the results from the protocol development and feasibility studies, this 

study compared musculoskeletal tissue structure and composition in the leg of 

postmenopausal women with and without osteoporosis, and determined the relationships 

between bone, muscle, fat, and physical performance.  Compared to women without 

osteoporosis, women diagnosed and treated for osteoporosis have similar musculoskeletal 

tissue structure and composition.  The study results highlight the interrelationships 

between muscle, bone, and fat on both macrostructural and microstructural scales.  

Greater fat infiltration within muscle was associated with bone that is weaker in 

compression loading.  Gait speed was slower in women with greater fat infiltration within 

muscle. 
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4.1 ABSTRACT 

Muscle atrophy and fat infiltration predict bone loss, fractures, and declining physical 

performance.  We aimed to compare musculoskeletal tissue structure and composition in 

the leg of postmenopausal women with and without osteoporosis, and to determine the 

relationships between bone, muscle, fat, and physical performance.  

We studied 35 postmenopausal women (aged 60-75y) with similar physical activity 

levels, of which 18 women had osteoporosis and were taking bone-sparing medications.  

Peripheral quantitative computed tomography (pQCT) assessed leg muscle cross-

sectional area (CSA) and density (MuD) at the 66% site and tibia bone structure (4%, 

14%, 38%, 66% sites).  Magnetic resonance imaging (MRI)-based measures of muscle 

microstructure (apparent diffusion coefficient (ADC), fractional anisotropy (FA)) were 

obtained for five muscle regions.  Intramuscular fat volume in tibialis anterior (TibA), 

soleus (SOL), and gastrocnemius (GC) and total intermuscular fat were calculated from 

axial MRI scans.  Intramyocellular lipid (IMCL) content was determined using proton 

magnetic resonance spectroscopy.  Physical performance was assessed by gait speed and 

repeated chair stands.  Data were analyzed using ANOVAs and Pearson correlations. 

Significance was set at p ≤ 0.05 and correlation coefficients ≥ 0.40 or ≤ - 0.40. 

Musculoskeletal tissue structure and composition did not differ between groups. 

Intermuscular fat and bone mineral content were moderately associated (r = 0.44-0.47). 

Bone strength at the 66% site correlated with ADC in the SOL (r = 0.56, 95%CI: 0.28, 

0.75) and GC (r = 0.50, 95%CI: 0.20,0.71).  Bone strength at the 4% site was inversely 

associated with IMCL content (r = -0.50, 95% CI: -0.73, -0.16). Gait speed was 
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associated MuD (r = 0.50, 95%CI: 0.20,0.71), and inversely associated with 

intramuscular fat in the TA (r =    -0.43, 95%CI: -0.67,-0.11) and GC (r = -0.41, 95%CI: -

0.65,-0.09).  

Musculoskeletal tissue composition is similar in women diagnosed and treated for 

osteoporosis compared to women without osteoporosis.  We have shown that women with 

more bone mineral had more fat depots between muscles.  However, in women with more 

fat-filled muscle, the bone is weaker in compression loading.  In addition, as fat depots 

within muscle increase, gait speed decreases.  These novel measures of musculoskeletal 

composition may provide important insights into mechanisms by which exercise and diet 

may prevent osteoporotic fracture. 
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4.2 INTRODUCTION 

 Across the lifespan, bone and muscle structure and function are intricately related 

through genetic and lifestyle factors 1,2.  With aging, two conditions that have primary 

effects on one tissue are thought to have secondary effects on the other 3-5.  The first 

condition is osteoporosis, characterized by loss of bone mass and microstructure that 

predisposes to bone fragility.  The other is sarcopenia, described as the loss of skeletal 

muscle mass with replacement of muscle tissue with fat tissue 6,7.  The risk for developing 

these conditions is largely attributed to the menopausal transition, which results in 

declines in bone mineral density (BMD) and muscle mass 8-10.  The personal and social 

burden associated with these conditions is often described by rising healthcare 

expenditures related to impaired mobility, increased falls risk, fractures, hospitalizations, 

and mortality 11-15.  To understand how we can augment physical function in 

postmenopausal women, the dynamic balance between age-related bone and muscle loss 

must be examined and, to that end, noninvasive methods for assessing the structure of 

these tissues over time are required.  

 Fat was once thought to be an inert tissue, but a surge of research has identified 

that not only the amount of fat, but also its distribution, is an important determinant of 

bone mass and structure 16-19.  In fact, the clinical diagnosis of osteoporosis may alter the 

typical relationship between fat mass and BMD 20,21.  The interpretation of the literature is 

limited by the use of dual energy X-ray absorptiometry (DXA) to measure fat mass, 

which precludes the separation and quantification of fat located in and around muscle and 

other organs.  Intramuscular fat, defined as the fat located within muscle and external to 
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the muscle cells, increases with advancing age and inactivity 22-25.  Magnetic resonance 

imaging (MRI) overcomes the limitations of using DXA by generating high-resolution 

axial images from which intramuscular fat can be visualized and quantified.  MRI studies 

in older adults demonstrate that intramuscular fat is associated with dysfunctional muscle 

metabolism 26-28, poor physical performance 27,29, and higher rates of hospitalization 30.  

As fat accumulates within muscle, the proportion of non-contractile tissue increases and 

the muscle generates less force and consequent adaptations to resistance training 31,32.  

Intramuscular fat may modify muscle fibre alignment and may partially explain why 

exercise interventions are less effective for eliciting bone adaptations in older adults 33.  

Fatty muscle may therefore be unable to generate physiological strains of sufficient 

magnitude to elicit a bone remodeling response.  On the other hand, intermuscular fat (the 

fat situated within the fascial envelopes surrounding muscles and muscle compartments) 

may have a different association with muscle structure and function.  Thigh intermuscular 

fat volume measured with MRI is associated with weaker knee extensor strength and 

slower performance on the timed repeated chair stand test in women with or at risk of 

knee osteoarthritis 34.  Thus, the distribution and amount of fat in the lower limb may 

influence the force produced by skeletal muscle such that it is insufficient to elicit 

physiological strains on bone and perform functional tasks involving the lower 

extremities. 

 Muscle macrostructure, a term used hereafter to describe muscle cross-sectional 

area (CSA), density, and volume measurements, has been measured in the lower 

extremities with computed tomography (CT) and MRI.  Measurements with CT have 
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demonstrated that smaller muscle CSA and lower muscle density are related to greater 

bone fragility 35-38 and poorer physical performance 39-41.  MRI measurements of muscle 

macrostructure are preferred to CT measures, which expose the individual to radiation 

and limit interpretation of fat accumulation due to limited soft tissue contrast.  Despite its 

advantages, there is a paucity of research applying MRI to understanding the muscle-bone 

unit.  MRI images of muscle and fat macrostructure can help determine the relationship 

between muscle, bone, and physical performance measures.  Non-invasive assessment of 

muscle and fat macrostructure with MRI is an important avenue for clinicians and 

scientists interested in understanding the development and treatment of osteoporosis and 

sarcopenia.  

 More recently, advances in MRI facilitate non-invasive investigation of muscle 

microstructure through diffusion tensor imaging (DTI) and muscle composition by proton 

magnetic resonance spectroscopy (1H-MRS).  DTI has been applied extensively in 

neuroscience, but recently the technique has been utilized to measure muscle 

microstructure because DTI takes advantage of the anisotropic properties of skeletal 

muscle.  The theory of DTI is described in greater detail elsewhere 42.  In brief, DTI 

calculates water diffusivity in three orthogonal directions 43.  The calculated diffusion 

tensor provides information regarding the direction of the diffusivity of water molecules 

within muscle fibres from which we infer muscle fibre shape 44.  Increased diffusivity is 

documented in aged, injured, and exercised leg muscles 43,45,46.  Factors that alter 

diffusivity include membrane permeability and the interaction and size of associated 

macromolecules 47. Fat infiltration can be measured on a microscopic scale using 1H-
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MRS, which enables quantification of intramyocellular lipid (IMCL) content that is stored 

within the muscle cell 48.  The relationships between DTI and IMCL content measures 

and bone structure and strength measures have not been examined.  

 Associations between bone structure and strength and muscle size and 

microstructure have not been investigated in postmenopausal women.  Similarly, the 

relationship between intramuscular and intermuscular fat depots and bone strength and 

structure has not been reported in women with osteoporosis.  Importantly, we do not 

know how measures of muscle structure and fat infiltration are associated with physical 

performance measures.  Thus, the primary objective of this study was to compare bone 

structure and strength and muscle and fat macrostructure and microstructure in the leg of 

healthy postmenopausal women with and without osteoporosis.  We hypothesized that 

there is a difference in bone, muscle, and fat measures between the two groups of women.  

Our secondary and tertiary objectives were to determine the associations between muscle 

and fat macrostructure and microstructure, tibial structure and strength, and physical 

performance outcomes, respectively.  For our secondary and tertiary objectives, a finding 

of greater tissue isotropy and fat infiltration in women with inferior bone structure and 

poorer physical performance would support an association between muscle structure and 

composition with bone strength and physical functioning.  
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4.3 METHODS 

4.3.1 Study Design and Sample 

 For this cross-sectional study, we recruited postmenopausal women that were 

classified as either: 1) diagnosed with osteoporosis, or 2) not diagnosed with osteoporosis.  

Women were eligible for inclusion if they were 60-75y old, had a DXA BMD test within 

the past three years, and reported moderate physical activity levels.  

 Multiple recruitment strategies were used.  We posted fliers on community boards 

in hospitals, recreational centers, libraries, churches, pharmacies, physiotherapy clinics, 

residential seniors’ buildings, and the university campus.  Newspaper and community 

newsletter advertisements appeared in print and online.  One investigator gave 

presentations to local osteoporosis support groups and recruited patients from a local 

osteoporosis clinic.  Past study participants who consented to be contacted for future 

research were mailed invitations to participate in the current study.  

 Prior to enrolment, all interested volunteers were screened by telephone.  Women 

were excluded if they reported any one of the following: diabetes, chronic obstructive 

pulmonary disorder, stroke, cancer in the past five years, smoking cigarettes in the past 

two years, surgery in the past six weeks, or neurologic or musculoskeletal condition 

affecting the back or lower limbs (e.g., knee and/or hip osteoarthritis, rheumatoid 

arthritis).  In accordance with MRI safety standards, volunteers were also excluded if they 

reported MRI incompatibility.  Our institutional Research Ethics Review Board approved 
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the study protocol (Appendix B), and all participants provided written informed consent 

prior to enrolling in the study.  

4.3.2 Definition of participant groups 

 Women allocated to the osteoporosis group had a physician’s diagnosis of 

osteoporosis (n = 18).  Women who were not diagnosed with osteoporosis by their 

physician were allocated to the reference group (n = 17).  

4.3.3 Interview  

 Information on the participant’s current health status, years since menopause, 

current medication use (including vitamin and mineral supplements), and fracture history 

was collected in a short interview.  Self-reported history of fragility fractures, defined as 

non-traumatic fractures occurring as the result of a fall from standing height or less, 

excluding any fractures of the skull, fingers and toes, was recorded.  Each participant’s 

most recent BMD test results were obtained from medical records. 

4.3.4 Self-reported physical activity levels 

 Self-reported physical activity questionnaires were administered at the interview.  

The Rapid Assessment of Physical Activity (RAPA) is a nine-item questionnaire that 

captures the frequency and intensity of non-sports related activity with “yes” or “no” 

responses. RAPA scores between six and ten represent an active lifestyle, whereas scores 

between two and five are considered under-active 49. 

 The Human Activity Profile (HAP) is a 94-item questionnaire consisting of 

activities listed in ascending order of metabolic energy required to complete them 50.  

Response options are: “still doing this activity”, “stopped doing this activity”, and “never 
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did this activity”.  Each participant’s Adjusted Activity Score (AAS) was calculated as the 

difference between the Maximal Activity Score (i.e., highest numeral assigned to the 

activity that the individual is still doing) and the adjustment score (i.e., number of 

activities an individual has stopped doing) to represent the range of activities the 

participant can perform.  AAS scores are reported for each participant. Higher AAS 

scores (maximum score is 94) reflect better physical functioning 50.  

4.3.5 Anthropometry 

 Height was measured to the nearest 1mm using a wall-mounted stadiometer. Body 

weight was measured to the nearest 0.1kg with an electronic scale.  Height and weight 

were used to calculate body mass index (BMI, kg/m2).  The length of the right tibia was 

measured to the nearest 1mm from the base of the medial malleolus to the superior 

margin of the medial epicondyle while the participant was seated with feet flat on the 

floor and knees bent at a 90-degree angle 51.  The 66% site of the tibia was calculated and 

marked with ink for peripheral quantitative computed tomography (pQCT) and a fiducial 

marker for MRI scanning. 

4.3.6 pQCT scan acquisition protocol 

 The right leg was imaged using the Stratec XCT2000 pQCT (Pforzheim, 

Germany) according to the following protocol.  Participants were seated on a height-

adjustable chair with their leg comfortably extended through the scanner gantry.  The 

tibia was orthogonal to the scanner gantry and the heel rested on the standard foot 

positioning aid.  The foot was secured with a Velcro strap and a foam padded fixation 
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clamp secured the proximal leg to prevent movement during scanning.  Care was taken to 

ensure that the leg was well supported and centered in the imaging field.   

 A 30mm coronal scout scan was obtained to allow the operator to manually place 

the anatomical reference line at the medial tip of the distal tibia endplate.  Measuring 

proximally from the reference line, the scanner calculated and acquired axial images at 

the 4%, 14%, and 38% scan sites with an in-plane resolution of 0.4mm and 20mm/s scan 

speed.  The image at the 66% scan site was obtained without a scout scan.  The scanner 

was manually positioned at the ink mark that identified the 66% scan site and images 

were acquired with an in-plane resolution of 0.5mm scan speed of 15mm/s.  All pQCT 

images had a slice thickness of 2.4mm. Total scan time for all four sites was about 6min.  

One trained operator acquired all images.  

4.3.7 pQCT scan analysis protocol 

 Using Stratec software (Version 5.4), the following image analysis parameters 

were applied to 4% site images: Contour mode 2, Peel mode 1, and a threshold of 

280mg/cm3 to separate bone from surrounding soft tissue.  Outcomes measured at the 

tibial 4% site were volumetric BMD (mg/cm3) for total (ToD) and trabecular (TrD) 

compartments, cross-sectional area (mm2) for the total and trabecular bone compartments 

(ToA and TrA, respectively), bone mineral content (mg/mm) for total and trabecular bone 

compartments (ToC and TrC, respectively), and resistance to compression loading 

represented by the bone strength index (BSI, mg2/mm4) 52.  BSI was calculated as 

follows: 

𝑩𝑺𝑰 =
𝑇𝑜𝐷2 

1000000
×  𝑇𝑜𝐴                                                    (1) 
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At the 14, 38, and 66% sites we used Contour mode 3 and Peel mode 2 with thresholds 

set at 711mg/cm3 to separate cortical bone from soft tissue.  Outcomes measured at the 

14, 38, and 66% sites were cortical bone density (CoD, mg/cm3), area (CoA, mm2), and 

mineral content (CoC, mg/mm).  We also measured the polar strength strain index (SSI, 

mm3), a validated estimate of bone’s ability to resist bending forces along the neutral axis 

53.  SSI was calculated as follows: 

𝑺𝑺𝑰 =  ∑
𝑟𝑖

2× 𝑎 
𝐶𝑜𝐷

𝑁𝐷

𝑟𝑚𝑎𝑥
𝑖=1,𝑛                     (2) 

where ri is the distance of a voxel from the neutral axis, rmax is the maximum distance of a 

voxel from the neutral axis, a is the area of a voxel (mm2), and ND is the assumed normal 

density of cortical bone (1200mg/cm3).  

 Total muscle CSA and density were calculated at the 66% site using methods 

described previously 41.  A square region of interest (ROI) was drawn to intersect the 

subcutaneous fat.  Muscle filter C02 was applied and the following settings separated 

muscle and bone from subcutaneous fat: Contour Mode 3, Peel mode 1, and a threshold 

of 40mg/cm3.  Bone area (tibia and fibula) was separated from muscle by an inner/outer 

threshold of 280mg/cm3.  Muscle mass (mg/mm) was calculated by subtracting from the 

tibia and fibula bone mass from the total (less subcutaneous fat) mass.  Bone area was 

subtracted from total (less subcutaneous fat) area to calculate muscle CSA.  Muscle 

density (mg/cm3) was derived by dividing muscle mass by muscle CSA and multiplying 

by 0.001.   

4.3.8 MRI scan acquisition protocol 

 The right leg was imaged with a 3.0T MRI scanner (General Electric Healthcare 
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Discovery MR 750, Milwaukee, WI) and an eight-channel phased array RF knee coil.  

Standardized positioning ensured each participant was resting supine with knees extended 

and feet immobilized in a custom positioning rig as described previously 54,55.  Prior to 

advancing the participant feet-first into the magnet bore, the fiducial marker identifying 

the 66% tibial site (located as described in section 4.3.5) was centered within the coil.  

Participants remained on the MRI scan bed secured to the positioning rig for the duration 

of the scanning protocol.  One of three accredited MRI technologists performed all 

scanning.  

 The scan acquisition protocol was described previously 55,56.  Briefly, 30 

contiguous axial proton density (PD)-weighted images (slice thickness = 4mm; TE/TR = 

30/2344ms, field-of view (FOV) = 16cm, matrix = 320x320mm, total scan time = 6min 

30s) were acquired.  The phased array uniformity enhancement (PURE) post-processing 

filter was applied to correct for image intensity non-uniformity and reduce edge blurring.  

 DTI scans were acquired with the identically prescribed geometry as the PD-

weighted images.  Using a dual spin-echo planar imaging (EPI) pulse sequence with the 

following parameters: 30 slices (4mm thick, 0mm skip), 15 optimized diffusion encoding 

gradients 54, one b = 0s/mm2, b-value = 350s/mm2, TE/TR = 68.3/6000ms, number of 

averages (NEX) = 4, matrix size = 64x64mm, total scan time = 6min 48s.  Each NEX was 

collected separately to correct for eddy currents and motion prior to merging and 

subsequent calculation of the diffusion tensor.  

 A 1H-MRS point resolved spectroscopy (PRESS) pulse sequence was used to 

obtain the IMCL resonance area of a single voxel within the tibialis anterior muscle.  This 



Ph. D. Thesis - A. L. Lorbergs;  McMaster University - School of Rehabilitation Science 

119 

site was chosen because the muscle fibre orientation in this muscle permits the greatest 

separation of lipid compartments 48.  Acquisition parameters have been described 

previously 55.  This procedure always resulted in a water peak full width half maximum of 

less than 0.326ppm. 

4.3.9 MRI scan processing and analyses protocols 

 PD images were visually inspected by an accredited technologist to screen for 

potential gross subclinical pathology.  

 On a PC workstation, SliceOmatic 4.3 image analysis software (TomoVision, 

Montreal, Canada) was used to segment the PD-weighted leg images and quantify tissue 

composition.  Outcomes measured were muscle and intramuscular fat volumes (tibialis 

anterior, soleus, gastrocnemius, cm3) in slices 11 thru 20 in the series, counting inferior to 

superior.  Intramuscular fat was described as a percentage of the muscle area.  Total 

intermuscular fat volume was measured from the same segmented slices.  

 Segmentation involved identifying and tagging each tissue in each of the 10 image 

slices with a different colour, as shown in Figure 4.1.  Using the histogram of pixel 

intensity distribution, intramuscular and intermuscular fat separation thresholds for each 

participant were determined by placing the lower limit of the region-growing threshold at 

the base of the muscle peak.  In our laboratory, intramuscular fat is defined as bright 

pixels located beneath the muscle fascial envelope and within the epimysium and 

perimysium.  Intermuscular fat is defined as bright pixels located within the deep fascial 

envelopes surrounding the muscle bellies and muscle compartments.  Visual inspection 

determined whether manual editing of small adjustments were needed.  Reliability of 
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manual leg muscle segmentation from MRI scans to estimate muscle volume is excellent 

(ICC = 0.99) if eight to ten contiguous slices are analysed 57.  The average time for the 

segmentation of all tissues was two hours per participant. 

Figure 4.1: Representative proton density (PD) weighted images of the leg in a 

postmenopausal woman with osteoporosis (age = 65y, BMI = 29) before and after 

segmentation.  Each PD image (A) was segmented (B).  The tibiailis anterior, soleus, and 

gastrocnemius muscles appear in orange, blue, and red, respectively.  The intramuscular 

fat for each muscle is segmented in yellow, pink, and grey for the tibialis anterior, soleus, 

and gastrocnemius, respectively.  Intermuscular fat (green) is located beneath the muscle 

fascial plane and surrounding muscle bellies or compartments.  The arrow points to the 

fiducial marker used to visualize the 66% site. 

 

 DTI outcomes of interest were the apparent diffusion coefficient (ADC; x10-3 

mm2/s) and fractional anisotropy (FA).  These were quantified for five leg muscle ROIs: 

tibialis anterior, tibialis posterior, soleus, gastrocnemius medial head and gastrocnemius 

lateral head.  Tensor calculation and subsequent analysis were performed off-line using a 

combination of algorithms derived from custom-developed BASH scripts (Bourne Again 

Shell), FSL 58 and Diffusion Toolkit (DTK) 59.  To correct for eddy current distortion the 
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FSL eddy_current function was employed. This function is based on a previously 

developed image registration tool 60 and was also used for motion correction. The 

reference for eddy current and motion correction was the b = 0s/mm2 image of the first 

NEX.  Following tensor calculation, the five muscle ROIs were manually drawn on five 

images (13 thru 17, counting inferior to superior) with Analysis of Functional 

Neuroimaging (AFNI, National Institute of Mental Health) software 61.  Using an axial 

PD image for anatomical reference, ROIs were chosen to encompass as much lean tissue 

as possible but exclude visible vessels, fat and fascia.  Figure 4.2 shows representative 

muscle ROIs in the leg of a representative 70y old woman. 

 Each ROI yielded λ1, λ2, λ3, ADC and FA values.  Only ADC and FA are reported 

because they summarize the amount of overall diffusion and degree of tissue anisotropy 

62.  They are calculated as follows:  

𝑨𝑫𝑪 =  
𝜆1+𝜆2+ 𝜆3

3
       (3) 

𝑭𝑨 =  √
3

2
 √

(𝜆1−𝐴𝐷𝐶)2+ (𝜆2−𝐴𝐷𝐶)2+ (𝜆3−𝐴𝐷𝐶)2

𝜆1
2+ 𝜆2

2 + 𝜆3
2      (4) 

 Spectra from the tibialis anterior muscle were analyzed using the LCModel 

software (v6.2) 63.  The LCModel-derived lipid content was determined using a two-step 

process.  The signal from a metabolite resonance area in a water-suppressed spectrum is 

divided by the signal from the water peak in an unsuppressed water reference signal 

acquired from the same voxel.  An automated spectra-fitting routine determined the 

IMCL methylene (CH2) resonance area at around 1.3ppm based on algorithms that adjust 
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the phase and ppm shift of the spectra, estimate the baseline, and perform eddy current 

correction (see Appendix D for sample spectra). 

 

Figure 4.2: Diffusion tensor imaging muscle regions of interest (ROIs) and 

representative projection maps.  Muscle ROIs are drawn on the axial proton density 

reference image of the leg of a woman with osteoporosis (A). Sample fractional 

anisotropy (B) and apparent diffusion coefficient (C) projection maps. The arrow is 

pointing to the fiducial marker that identified the 66% site of the tibia. 

 

4.3.10 Physical performance 

 Using a standardized protocol 64, all participants performed the 30-second chair 

stand test (30-CST) twice during the study visit.  With a standard chair placed against a 

wall, the participant began in a seated position with her arms placed across her chest with 

hands on the opposite shoulders and her feet flat on the floor.  Upon hearing the word 

“go”, the participant stood up and then sat down in a continuous cycle for 30 seconds.  

The number of sit-stand-sit repetitions observed in 30 seconds was recorded.  The highest 

number of repetitions of the two trials was used for analysis.  

 Usual gait speed (in m/s) was measured as the best performance of two trials on a 

20m course in a straight uncarpeted hallway. Participants began the course 2m in front of 

the start line and ended 2m behind the line to account for initial acceleration and finish-
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line deceleration.  Time (s) to walk the 20m course was recorded using a stopwatch and 

the best time was divided by 20m for analysis.  

4.3.11 Statistical analyses 

 Bone area and mineral content, muscle CSA, muscle volumes, and intramuscular 

fat volumes were adjusted for body size by dividing the acquired values by tibia length 

squared for each participant and multiplying by the mean tibia length for the sample 65.  

Data were inspected for normality visually by plotting histograms and statistically using 

the Shapiro-Wilk test.  Levene’s test was used to test variance equality.   

 Parametric data were described using means and standard deviations.  Central 

tendency of non-parametric variables was described using the median and 25th and 75th 

interquartiles.  Group comparisons and significant differences were determined by two-

sided independent t tests.  Group ranks were compared using the Mann Whitney test.  

 Based on the hypothesis that between group differences would be observed for 

total volumetric BMD at the 4% tibia, we calculated our sample size using a Canadian 

database of women (mean age 74y) with fracture and without fracture 66.  Given a 

Cohen’s d effect size of 1.05, it was estimated that 15 participants per group were 

required to detect between group differences assuming 80% power and α = 0.05.  Our 

group of women with osteoporosis was defined as having a physician’s diagnosis and 

those without fracture or on bone sparing medications were not excluded.  Thus, to 

account for these differences we increased our target sample size by 20% and aimed to 

enroll 19 participants per group.  

 Pearson correlation coefficients (r) (or Spearman rho (ρ) for distribution free data) 
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were used to test the strength and direction of associations between bone, muscle, fat, 

physical activity, and physical performance variables.  Correlation coefficients were 

interpreted as follows: 0.4 - 0.6 was considered a moderate strength relationship, 0.61 - 

0.8 was considered a substantial relationship, and 0.81 - 1.0 was considered an excellent 

relationship 67.  For each correlation coefficient equal to or greater than r = 0.4, 95% 

confidence intervals (CIs) were calculated.  All data management and statistical analyses 

were performed using PSAW software v20 (SPSS, Chicago, IL, USA). Statistical 

significance for all analyses was set at p less than 0.05.  

 

4.4 RESULTS 

4.4.1 Participants  

 Thirty-five community dwelling Caucasian women participated in the study; 

eighteen were diagnosed with osteoporosis and 17 were not.  Participant flow is 

illustrated in Appendix F.  Table 4.1 summarizes the demographic and clinical 

characteristics for each group and the entire sample.  Groups were similar in all 

demographic characteristics.  The prevalence of fragility fractures was significantly 

greater in the osteoporosis group (Table 4.1).  Fragility fracture sites included the wrist (n 

= 5), vertebra (n = 3), ankle (n = 2), and ribs and sternum (n = 1).  All women in the 

osteoporosis group reported current or recent (within past 2y) use of bone-sparing 

medication.  Most women in the osteoporosis group were taking bisphosphonates (n = 13) 

and others were taking denosumab (n = 4) or parathyroid hormone (n = 1).  Most (91%) 

of women responded “yes” to current daily vitamin D supplementation, whereas only 
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43% women said “yes” to current calcium supplementation.  Supplementation was similar 

between groups for vitamin D (p = 0.58) and calcium (p = 0.63).   

 

Table 4.1: Descriptive statistics of women with and without osteoporosis*  

 

Characteristic 

 Osteoporosis 

All 

n = 35 

No 

n = 17 

Yes 

n = 18 

Age (y) 69.5 (4.3) 69.6 (4.0) 69.5 (4.8) 

Height (cm) 161.4 (5.6) 161.1 (5.1) 161.8 (6.0) 

Body weight (kg) 66.4 (10.6) 66.4 (12.0) 66.3 (9.5) 

Body mass index (kg/m2) 25.5 (4.3) 25.6 (4.3) 25.5 (4.4) 

Years since menopause (y) 20.2 (5.6) 18.5 (4.8) 21.9 (6.3) 

Tibia length (mm) 369.7 (20) 367.0 (20.2) 370.2 (25.8) 

Total hip BMD (g/cm2) 0.759 (0.113) 0.758 (0.133) 0.761 (0.095) 

Total spine BMD (g/cm2) 0.908 (0.130) 0.911 (0.149) 0.905 (0.114) 

OP medication use (n, %) 18 (51%) 0 18 (100%)a 

Fracture (n, %) 11 (31%) 1 (6%) 10 (56%) a 

* Values are the mean (SD), unless indicated otherwise 
a Significantly different from women without osteoporosis, p < 0.001 

BMD = bone mineral density; OP = osteoporosis 
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4.4.2 Bone structure and strength 

 All pQCT scans were analyzed; there were no failed analyses.  All bone structure 

and strength data met the assumptions of normality and homogeneity of variance.  Table 

4.2 presents the bone outcomes at the 4, 14, 38, and 66% tibial sites.  Women with and 

without osteoporosis had similar trabecular and total bone density, area, and content at the 

4% tibia.  CoA, CoC, and CoD at the diaphyseal tibia sites were not significantly different 

between groups.  Similarly, groups were not significantly different in estimated bone 

strength at the tibial 4% site (BSI: (t(33) = 0.67, p = 0.51) or the 66% site (SSI: t(33) = 

0.16, p = 0.88).  

4.4.3 Muscle and fat macrostructure  

 All PD scans were successfully acquired and analyzed.  Muscle and intermuscular 

fat volumes and % intramuscular fat per muscle were normally distributed with equal 

variances.  As summarized in Table 4.3, there were no statistically significant differences 

between groups for muscle volume or intramuscular fat content in the tibialis anterior, 

soleus, or gastrocnemius muscles. Women with osteoporosis had similar muscle CSA 

(t(33) = -0.29, p = 0.78) and density (t(33) = 0.64, p = 0.53) compared to those without 

(Table 4.2). 
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Table 4.2: pQCT bone and muscle outcomes for the total sample and groups of 

women with and without osteoporosis, presented as mean (SD). Bone area and content 

and muscle cross-sectional area measures are adjusted for tibia length 

 

   Osteoporosis  

 Measure All 

(n=35) 

No 

(n=17) 

Yes 

(n=18) 

p 

4% site  

 Total density (mg/cm3) 

To 

249 (36) 252 (37) 246 (36) 0.66 

 Total area (mm2) 1081 (185) 1086 (192) 1076 (184) 0.87 

 Total content (mg) 265 (40) 269 (41) 262 (40) 0.61 

 Trabecular density 

(mg/cm3) 

 

204 (35) 211 (37) 197 (32) 0.23 

 Trabecular area (mm2) 487 (83) 490 (85) 484 (83) 0.83 

 Trabecular content (mg) 

 

97 (15) 100 (15) 94 (15) 0.21 

 BSI (mg2/mm4) 67 (16) 69 (18) 63 (16) 0.51 

14% site 

 Cortical density (mg/cm3) 

 

1054 (71) 1055 (60) 1053 (82) 0.92 

 Cortical area (mm2) 143 (34) 139 (32) 147 (35) 0.44 

 Cortical content (mg) 152 (40) 147 (39) 156 (42) 0.53 

38% site 

 
 Cortical density (mg/cm3) 

 

1148 (33) 1146 (30) 1151 (36) 0.66 

 Cortical area (mm2) 250 (55) 257 (57) 243 (54) 0.46 

 Cortical content (mg) 287 (64) 296 (68) 280 (61) 0.47 

66% site 

 Cortical density (mg/cm3) 

 

1080 (40) 1076 (44) 1084 (36) 0.61 

 Cortical area (mm2) 254 (53) 254 (54) 253 (54) 0.96 

 Cortical content (mg) 275 (61) 275 (64) 275 (60) 0.99 

 SSI (mm3) 1869 (315) 1878 (352) 1861 (285) 0.88 

 Muscle CSA (mm2) 6166 (1275) 6101 (1142) 6227 (1420) 0.78 

 Muscle density (mg/cm3) 72 (3.4) 72 (3.4) 71 (3.5) 0.53 

BSI = compressive bone strength index; SSI = polar stress strain index; CSA = cross-

sectional area 
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Table 4.3: MRI derived muscle and fat volumes normalized to tibia length for the 

total sample and groups of women with and without osteoporosis, presented as mean 

(SD)  

 

  Osteoporosis  

Measure All 

(n=35) 

No 

(n=17) 

Yes 

(n=18) 

p 

Tibialis anterior 

 Muscle volume (cm3) 33.1 (6.6) 33.3 (5.4) 32.9 (7.6) 0.86 

 Intramuscular fat (%) 8.9 (3.0) 8.4 (2.9) 9.4 (3.0) 0.29 

Soleus  

 Muscle volume (cm3) 57.1 (11.3) 55.6 (9.9)  58.5 (12.6) 

(12.6((12.6) 

0.45 

 Intramuscular fat (%) 7.9 (3.5) 7.7 (3.5) 8.0 (3.5) 0.75 

Gastrocnemius 

 Muscle volume (cm3) 69.0 (21.3) 71.3 (20.6) 66.7 (22.3) 0.53 

 Intramuscular fat (%) 9.0 (3.0) 7.8 (3.0) 8.3 (3.5) 0.68 

Intermuscular adipose tissue volume 

(cm3) 

14.6 (45.0) 14.8 (5.0) 14.5 (5.1) 0.86 

 

 

4.4.4 Muscle microstructure and IMCL content 

 All DTI scans were analyzed and all measures met the assumptions of normality 

and homogeneity of variance.  DTI measures for the muscle ROIs are summarized in 

Table 4.4. Groups were similar for ADC and FA in all ROIs.  Figure 4.3 illustrates the 

ADC and FA values for the entire sample.   

 Six IMCL data points were excluded from the analysis.  Data were lost due to 

improper data storage prior to a hardware system malfunction (n = 3), failed analyses (n = 

2), and a statistical outlier (n = 1).  Therefore, Table 4.4 presents values for tibialis 

anterior IMCL content obtained in 29 participants.  IMCL content in the tibialis anterior 

in women with osteoporosis (n = 15) was not different from women without osteoporosis.   
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Table 4.4: Microstructural measures of muscle and intramyocellular lipid (IMCL) 

content of the leg muscle regions of interest (ROIs) for the total sample and groups 

of women with and without osteoporosis, presented as mean (SD) 

 

   Osteoporosis  

 Muscle ROI All 

(n=35) 

No 

(n=17) 

Yes 

(n=18) 

p 

Tibialis anterior   

 ADC (x10-3 mm2/s) 

 

1.71 (0.10) 1.73 (0.08) 1.70 (0.11) 0.49 

 FA 0.23 (0.02) 0.23 (0.01) 0.23 (0.03) 0.51 

 IMCL (mmol/g ww)a 0.017 (0.01) 0.016 (0.01) 0.018 (0.01) 0.52 

Tibialis posterior 

 ADC (x10-3 mm2/s) 

 

1.74 (0.13) 1.76 (0.16) 1.72 (0.11) 0.40 

 FA 0.25 (0.03) 0.25 (0.02) 0.24 (0.03) 0.36 

Soleus 

 ADC (x10-3 mm2/s) 

 

1.77 (0.13) 1.77 (0.12) 1.76 (0.13) 0.84 

 FA 0.24 (0.02) 0.24 (0.03) 0.25 (0.01) 0.52 

Medial gastrocnemius 

 ADC (x10-3 mm2/s) 

 

1.79 (0.13) 1.83 (0.12) 1.76 (0.13) 0.10 

 FA 0.28 (0.03) 0.27 (0.03) 0.28 (0.02) 0.57 

Lateral gastrocnemius 

 ADC (x10-3 mm2/s) 

 

1.77 (0.11) 1.79 (0.11) 1.74 (0.10) 0.16 

 FA 0.26 (0.02) 0.26 (0.03) 0.27 (0.01) 0.52 

a n = 29 (n = 14 without osteoporosis)  

ADC = apparent diffusion coefficient; FA = fractional anisotropy 
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Figure 4.3:  Mean values for the apparent diffusion coefficient (ADC) and fractional 

anisotropy (FA) in leg muscle regions of women with and without osteoporosis.  

Mean (black dots) and 95% confidence intervals (bars) for (A) ADC and (B) FA in the 

leg muscles of 35 postmenopausal women with and without osteoporosis.  

TibA = tibialis anterior, TibP = tibialis posterior, Sol = soleus, MG = medial head 

gastrocnemius, LG = lateral head gastrocnemius 

 

4.4.5 Associations between bone with muscle and fat outcomes 

 Women with and without osteoporosis were similar for all bone, muscle, and fat 

outcomes.  Thus, the relationships between musculoskeletal tissues were assessed for 

both groups combined (n = 35).  Larger muscle CSA was associated with greater ToA (r 
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= 0.63, 95% CI: 0.38, 0.80) and ToC (r = 0.62, 95% CI: 0.36, 0.79) and TrC (r = 0.73, 

95% CI: 0.52, 0.86) at the 4% site.  Positive correlations were moderate for muscle CSA 

and CoA at the 14% and 38% sites (r = 0.73, 95% CI: 0.52, 0.86) and the 66% site (r = 

0.65, 95% CI: 0.40, 0.81).  Similarly, associations between muscle CSA and CoC were 

positive and moderate at the diaphyseal sites (14% site: r = 0.63, 95% CI: 0.38, 0.80; 38% 

site r = 0.70, 95% CI: 0.48, 0.84; 66% site: r = 0.63, 95% CI: 0.40, 0.81).  Muscle CSA 

was not associated with BSI, but was moderately correlated with SSI (r = 0.59, 95% CI: 

0.32, 0.77). None of the bone structure or strength variables correlated with muscle 

density (Appendix C, Table C1).   

 Table 4.5 shows the positive associations between bone structure and individual 

muscle volumes that ranged from moderate to substantial.  Although muscle volumes 

were positively related to bone strength and structure, percent intramuscular fat in each 

muscle was not associated with pQCT bone outcomes (all r ≤ 0.39; Appendix C, Table 

C1).  Intermuscular fat volume was positively correlated with ToC at the 4% site (r = 0.44, 

95% CI: 0.13, 0.67), CoC at the 14% r = 0.47, 95% CI: 0.16, 0.69) and 38% site (r = 0.44, 

95% CI: 0.13, 0.67), and CoA at the 14% and 38% sites (both: r = 0.46, 95% CI: 0.15, 

0.69).  Correlation coefficients testing associations between intermuscular fat and bone 

strength were less than moderate (all r ≤ 0.20) at the distal and diaphyseal tibia.  

Tibialis posterior ADC had a moderate negative association with ToD (r = -0.51, 95% CI: 

-0.72, -0.21) and TrD (r = -0.43, 95% CI: -0.67, -0.11) at the 4% site.  Whereas ADC 

measures at the tibialis anterior, soleus, and medial head of gastrocnemius had moderate 

positive relationships with bone area and content at the 4% site (r = 0.40 to 0.53).
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Table 4.5: Correlation coefficients for bone structure and strength outcomes with individual muscle volumes in 

postmenopausal women with and without osteoporosis (n = 35). Pearson correlation coefficients equal to or greater than 0.4 

are presented with their 95% confidence intervals  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TibA = tibialis anterior; SOL = soleus; GC = gastrocnemius; BSI = Bone Strength Index 

 

Measure 
Muscle volume (cm3) 

TibA SOL GC 

4% 

Total density (mg/cm3) -0.15 -0.10 -0.01 

Total area (mm2) 0.65 (0.40, 0.81) 0.51 (0.21, 0.72) 0.53 (0.24, 0.73) 

Total content (mg) 0.56 (0.28, 0.75) 0.46 (0.15, 0.69) 0.56 (0.28, 0.75) 

Trabecular density 

(mg/cm3) -0.30 -0.23 -0.13 

Trabecular area (mm2) 0.65 (0.40, 0.81) 0.50 (0.20, 0.71) 0.53 (0.24, 0.73) 

Trabecular content (mg) 0.36 0.34 0.45 (0.14, 0.68) 

BSI (mg2/mm4) -0.02 -0.02 0.12 

     

14% 

Cortical density (mg/cm3) -0.05 -0.17 -0.22 

Cortical area (mm2) 0.73 (0.52, 0.86) 0.54 (0.25, 0.74) 0.51 (0.21, 0.72) 

Cortical content (mg) 0.63 (0.38, 0.80) 0.43 (0.11, 0.67) 0.38 

     

38% 

Cortical density (mg/cm3) 0.02 -0.08 -0.07 

Cortical area (mm2) 0.70 (0.48, 0.84) 0.55 (0.27. 0.75) 0.54 (0.25, 0.74) 

Cortical content (mg) 0.69 (0.46, 0.83) 0.53 (0.24, 0.73) 0.52 (0.23, 0.73) 

     

66% 

Cortical density (mg/cm3) 0.16 0.12 0.02 

Cortical area (mm2) 0.60 (0.33, 0.78) 0.52 (0.23, 0.73) 0.49 (0.19, 0.71) 

Cortical content (mg) 0.58 (0.31, 0.77) 0.51 (0.21, 0.72) 0.46 (0.15, 0.69) 

Strength strain index 

(mm3) 0.56 (0.28, 0.75) 0.43 (0.11, 0.67) 0.47 (0.16, 0.69) 
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Total, trabecular, and cortical bone content and area at all tibia sites were moderately 

correlated with medial gastrocnemius ADC (r = 0.42 to 0.55).  Of all muscle ROIs, only 

soleus and medial gastrocnemius ADC measures were positively associated with SSI 

(SOL: r = 0.56, 95% CI: 0.28, 0.75; MG: r = 0.50, 95% CI: 0.20, 0.71).  FA was not 

related to bone structure and strength indices at any tibial site (Appendix C, Table C2). 

 Associations between IMCL and bone structure were negative and generally weak.  

The correlation coefficients were highest for ToD (r = -0.39) and ToC (r = -0.38) at the 

4% site.  As shown in Figure 4.4, BSI was moderately associated with IMCL at the 4% 

tibia (r = -0.50, 95% CI: -0.73, -0.16), but the association was weak for SSI (r = -0.38). 

Figure 4.4: The relationship between tibialis anterior intramyocellular lipid content 

(mmol/kg ww) and the bone strength index at the 4% tibial site in postmenopausal 

women (n = 29).  

Closed circles represent women with and treated for osteoporosis and open circles 

represent women without osteoporosis 
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4.4.6 Physical performance measures and physical activity levels 

 None of the women relied on mobility aids.  Refer to Table 4.6 for a summary of 

physical performance and self-reported physical activity levels.  The groups did not differ 

on the 30-CST (t(33) = 0.81, p = 0.42) or usual gait speed (t(33) = 0.66, p = 0.52).  RAPA 

and HAP scores were similar between groups (RAPA: t(33) = 1.55, p = 0.13; HAP AAS: 

t(33) = -0.153, p = 0.88).  The median HAP AAS score for women with and without 

osteoporosis correspond to swimming 25 yards (item 77) and walking 3 miles (item 75), 

respectively.  

Table 4.6: Mean (SD) self-reported physical activity levels and performance-based 

physical performance for the total sample and groups of women with and without 

osteoporosis 

 

Characteristic 
 Osteoporosis 

p 
All 

n=35 

No 

n=17 

Yes 

n=18 Gait speed (m/s) 1.4 (0.1)  1.4 (0.2) 1.4 (0.1) 0.52 

30-CST (reps) 15 (4)  15 (4) 14 (3) 0.42 

RAPA (points)a 9 (3, 10) 9 (3, 10) 7 (3, 10) 0.13 

HAP AAS (points)a 77 (55, 94)  75 (60, 89) 77 (55, 94) 0.88 

a Values are presented as median (min, max) 

30-CST = 30-second chair stand test; RAPA = Rapid Assessment of Physical Activity; 

HAP = Human Activity Profile 

 

Muscle density was inversely associated with gait speed (r = -0.50, 95% CI: -0.71, -0.20). 

Greater intramuscular fat in the tibialis anterior and gastrocnemius was associated with 

slower gait speed (TibA: r = -0.43, 95% CI: -0.67, -0.11; GC: r = -0.41, 95% CI: -0.65, -

0.09), however the amount of intramuscular fat volume was not associated with the 30-
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CST.  Despite a positive association between tibialis posterior FA and gait speed (r = 0.45, 

95% CI: 0.14, 0.68), all other correlation coefficients for DTI measures and performance 

measures were less than or equal to 0.38 (medial head of gastrocnemius FA with gait 

speed).  Self-reported physical activity was not associated with muscle or fat 

microstructure (Appendix C, Table C3). 

 

4.5 DISCUSSION 

 The main objective of this study was to compare bone structure and strength and 

muscle and fat macrostructure and microstructure in the leg of healthy postmenopausal 

women with and without osteoporosis.  It was hypothesized that the groups would be 

different for the primary outcome, total volumetric BMD at the distal tibia.  We 

demonstrated that healthy postmenopausal women with and treated for osteoporosis have 

similar bone structure and strength, muscle macrostructure and microstructure, and 

distribution of fat infiltration in the leg, as compared to women of similar age and 

physical activity levels without osteoporosis.  This is the first study to apply advanced 

MRI techniques to investigate macrostructural and microstructural muscle and fat 

measures with bone structure and strength in postmenopausal women.  We were 

underpowered to detect significant differences in bone structure between groups; however, 

total leg muscle CSA and individual muscle volumes were significantly associated with 

bone structure and strength outcomes.  While fat within the muscles was not related to 

bone structure or strength, intermuscular fat was moderately associated with greater bone 

CSA and mineral content.  Microstructural evaluation of water diffusivity of muscle ROIs 
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demonstrated positive associations with bone variables, but FA in the same ROIs was not 

related to bone structure or strength.  We found that the microstructural-level measure of 

fat infiltration in the tibialis anterior was negatively associated with estimated bone 

strength at the distal tibia.  Of note, both pQCT and MRI methods of quantifying fat 

infiltration suggested that greater fat content within muscles is associated with deficits in 

physical performance.  

 The main finding of this cross-sectional study was that women with osteoporosis, 

all of whom reported current or recent pharmacologic osteoporosis treatment, were 

similar in bone structure and strength compared to women without osteoporosis.  Few 

studies have compared differences in pQCT bone structure and strength in older women 

with and without osteoporosis because pharmacologic treatment is indicated for fracture 

risk reduction according to North American clinical practice guidelines 68,69.  Therefore, 

the only way to evaluate a “true” treatment-naïve individual with osteoporosis would be 

upon clinical diagnosis prior to the initiation of therapy.  One retrospective study reported 

data from initial patient visits to an osteoporosis clinic 70.  Thus, women who may have 

indeed had osteoporosis and other indication for pharmacologic treatment were 

undiagnosed and untreated at the time of measurements.  The women with and without 

osteoporosis in our sample had greater TrC, TrD, and TrA at the 4% site and increased 

CoC, CoD, and CoA at the 14% site of the tibia, compared to treatment-naïve women 

aged 60 to 80y of similar body size 70.  Although we did not detect differences between 

groups, it is likely that measurements made prior to the initiation of treatment could have 

yielded bone structural values more similar to treatment naïve women reported by 
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Stathopoulous and colleagues (2011).  Moreover, we would anticipate greater bone 

structure values in the treatment naïve women enrolled in our study because their medical 

history did not suggest to their physician that pharmacologic treatment was appropriate or 

necessary.  For our sample as a whole, ToD at the 4% tibia was similar to values reported 

in similarly aged postmenopausal women in Canadian and European population-based 

studies using the same pQCT scanner model 38,66,71.  At the 38% site we found that values 

for CoD, CoA, and CoC for our whole sample were similar to younger 72 and similarly 

aged 38 postmenopausal women.  The cortical structure of the tibia diaphysis adapts to 

support compression during mechanical loading 18.  Thus, the higher values for bone 

structure outcomes observed at the 14% and 38% sites may be attributed to the levels of 

physical activity reported by our sample.  A meta-analysis reported that exercise targeting 

the lower extremities in healthy postmenopausal women confers small, but significant, 

benefits to the weight-bearing distal tibia TrD (0.87%; 95%CI: 0.37, 1.37%) and 

diaphyseal CoD (0.89%; 95%CI: 0.37, 1.41%) 73.  However, most studies do not report 

activity levels and exclude women on pharmacotherapy 66,70-72.  This study makes an 

important contribution to the literature due to the inclusion and evaluation of 

postmenopausal women with osteoporosis that are treated with bone-sparing medications.  

We acknowledge that pharmacologic treatments increase bone mass, however a 

randomized trial has documented no effect of pharmacologic therapy on tibia structure 

and strength in women with osteoporosis 74.  Women taking pharmacotherapy for 

osteoporosis are excluded from most studies and represent a growing, yet understudied 

population.  This is a critical limitation in understanding the representative population of 



Ph. D. Thesis - A. L. Lorbergs;  McMaster University - School of Rehabilitation Science 

138 

otherwise healthy, postmenopausal, community-dwelling women 60-75y of age.   

Including women with osteoporosis who are being treated pharmacologically will 

improve the generalizability of findings associated with postmenopausal bone health and 

identify may provide important insights into exercise strategies to prevent functional 

decline and osteoporotic fracture.  

 We found that greater fat infiltration in the leg, characterized by low muscle 

density and increased intramuscular fat, is related to slower gait speed in older women 

with and without osteoporosis.  Previously, leg muscle density derived using pQCT has 

demonstrated strong relationships with muscle mass and peak plantarflexor concentric 

torque in healthy older adults 41.  The main disadvantages of measuring muscle density 

this way are its inability to discriminate between intermuscular and intramuscular fat and 

the inability to quantify fat depots in and around muscles and functional compartments.  

We were interested in measuring fat distribution because sarcopenia, characterized by 

decreased muscle mass and increased fat mass 7, is more prevalent in postmenopausal 

women with osteoporosis 3,75.  Our results agree with Tuttle et al. (2012) who measured 

calf intramuscular fat in 45 adults classified as obese, diabetic, or diabetic with peripheral 

neuropathy.  Across all participants, the amount of intramuscular fat was associated with 

distance walked during a six-minute timed test 29.  Although the six-minute walk test 

involves an endurance component due to the longer duration and greater distance 

covered, the gait speed test we used is considered a good overall predictor of physical 

functioning in older community-dwelling adults 76.  Taken together, age-related declines 

in physical functioning are explained by increasing amounts of fat infiltration that are 
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associated with reduced muscle mass and increased muscle weakness 29,30,40,41,77.  

Interestingly, our findings suggest that muscle density assessed by pQCT provides similar 

information regarding the association between fat infiltration and walking speed, as does 

the MRI-based measures.  The segmentation method is labor intensive and is considered a 

feasible method for analyzing data for small samples, but could be a logistical concern for 

larger studies.  Nevertheless, physical performance is influenced by fat accumulation and 

our data suggest that its general quantification within an axial image may be as sensitive 

as assessing the distribution of its infiltration within and between leg muscles.  

 We found that IMCL was inversely correlated with bone mineral content and BSI 

at the 4% tibia site and CoA at the tibia diaphysis.  In healthy non-diabetic women with a 

mean age of 45y, Boettcher and colleagues (2009) reported a negative relationship 

between tibialis anterior IMCL content and insulin sensitivity (r = -0.44, 95% CI: -0.56, -

0.30).  Our findings of higher IMCL levels in women with reduced bone strength are in 

agreement with earlier reports of microstructural deterioration of trabecular and cortical 

bone in adults with poor insulin sensitivity 78,79.  The screening and recruitment of our 

participants for our study purposely excluded women with diabetes.  However, insulin 

resistance is considered as a precursor to frailty and women with osteoporosis and high 

risk of fracture may be at greater risk of developing this complex condition 80,81.  Frailty 

is more prevalent in older women than older men and is characterized by physical 

disability and associated with bone fragility and muscle wasting 4,82,83.  Given the limited 

resolution of the pQCT, the relationships between IMCL and tibial bone measured using 

high-resolution pQCT devices should be explored.  
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 Our study highlights the interrelationships of muscle, bone, and fat on both 

macrostructural and microstructural scales.  From a macrostructural perspective, our 

results concur with others who have demonstrated that muscle mass and density are 

positively associated with bone area, mineral content, and strength at the tibia 38,41. 

Interestingly, a recent study of 181 middle-aged and older men showed that CT-derived 

mid-femoral muscle mass was a stronger predictor of tibial bone structure than mid-tibial 

muscle mass 84.  They hypothesized that this observation was a result of large muscle 

strains elicited at the tendinous quadriceps insertion site on the tibial shaft 84; however 

this has not been evaluated in women using the pQCT since the XCT2000 gantry is not 

large enough to permit thigh image acquisition.  In our sample there was a positive 

association between tibialis anterior muscle volume and bone size and mineral content.  

This observation may be better understood by considering molecular crosstalk between 

muscle and bone, which has been applied to explaining musculoskeletal relationships that 

cannot be described by biomechanics alone 85.  Fat infiltration in and around muscle is 

characteristic of sarcopenia and osteoporosis 4,7 and should be considered an important 

mediator of both the biomechanical and crosstalk theories of muscle-bone interactions.  

Our study suggests that increased intermuscular fat, but not intramuscular fat, confers 

skeletal benefits at the tibia diaphysis, yet microstructural measurement of IMCL is 

associated with lower resistance to compression forces at the distal tibia.  In contrast, only 

fat infiltration measured at the macrostructural level, namely intramuscular fat and muscle 

density, were associated with slower gait speed.  Therefore, the distribution of fat in the 

leg appears to have a negative influence on bone structure and physical functioning when 
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it is located within the muscle cell and perimysium, respectively.  While intermuscular fat 

may increase the overall fatness of an individual and subsequently result in greater 

habitual loads on the skeleton, intramuscular fat may negatively influence the contractile 

ability of muscle resulting in slower gait speed.  At the microstructural level, fat 

infiltration in muscle is a barrier to diffusion because it is an obstacle for molecular 

movement 86.  Elevated ADC values are documented in aging skeletal muscle 43.  The 

positive relationship between soleus and medial head gastrocnemius ADC and bone 

structure and strength outcomes was unforeseen because it suggests that attributes of 

strong bones are associated with greater water diffusivity.  Variation in muscle ROI fat 

infiltration may partially explain the unforeseen results, particularly because fat 

infiltration is known to vary along the length of the muscle 87 and we measured all muscle 

ROIs in the five slices nearest to the 66% tibial site despite differences in individual 

muscle CSAs.  Altered muscle fibre orientation 88, cell membrane damage, or 

macromolecular barriers such as fat accumulation between muscle fibres could influence 

ADC measures.  Although, fat infiltration of muscle is gradual and precedes muscle 

atrophy and muscle weakness 89, the temporal influence of these age-related soft tissue 

adaptations on bone require prospective data and is yet to be investigated. 

 The findings we report must be interpreted in the context of the study limitations.  

First, our study was cross-sectional in design and therefore causal associations cannot be 

construed.  Second, our small sample size limits the statistical power, but we have 

initiated the investigation of novel non-invasive musculoskeletal outcomes in a clinically 

relevant population.  Third, we did not collect information regarding the dose or duration 
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of osteoporosis pharmacologic treatments, nor did we inquire about their adherence.  The 

women with osteoporosis were taking a variety of bone-sparing medications from 

different drug classes.  Although the effect of bone-sparing medications on 

musculoskeletal tissues is an important direction for future research, our small sample 

size precluded controlling for drug classes in our analyses.  Fourth, the generalizability of 

our findings may be limited to healthy, high functioning, and fairly young older women.  

Lastly, we only reported on imaging-based outcomes of muscle structure and did not 

obtain direct measurements of muscle strength.   

 In summary, we have demonstrated that musculoskeletal tissue composition is 

similar in women diagnosed and treated for osteoporosis compared to women without 

osteoporosis.  Further, we have implicated a role for MRI-based measures of fat and 

muscle microstructure and macrostructure in understanding the relationships among 

muscle, bone and physical performance in postmenopausal women.  In conjunction with 

genetic and basic research, these measures may provide novel targets and outcomes for 

pharmacologic and exercise strategies aimed at preventing functional decline and 

osteoporotic fracture. 
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CHAPTER FIVE 

 

SUMMARY, CONTRIBUTIONS, LIMITATIONS, AND 

FUTURE DIRECTIONS OF THE THESIS RESEARCH 

  

 This chapter provides an overview of the main findings presented in this thesis, a 

discussion of the overall contributions of these findings to the current literature, potential 

limitations, and recommendations for future research directions.   

 

5.1 SUMMARY OF THESIS RESULTS 

  The purpose of the first study (Chapter Two) was to evaluate the influence of a 

period of time spent in supine on MRI measures of muscle CSA and water diffusivity in 

the leg of healthy young and older women.  The main finding of this study was that 

muscle CSA did not significantly change with 30 minutes or 60 minutes of supine rest in 

either age group.  Similarly, neither group showed a change in FA after 30 or 60 minutes 

of resting supine.  ADC values decreased similarly in young and older women, however 

young women had a greater decline in medial gastrocnemius ADC between baseline and 

30 minutes.  Vascular changes associated with aging were expected to demonstrate 

between group differences in diffusivity measures, yet the study findings did not support 

this notion.  The implications of this study are twofold: the duration of time spent in 

supine should be considered when scanning women of various ages and the assessment of 

leg muscle with DTI should consider grouping participants by sex.  
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 The feasibility objectives in Chapter Three were to assess the rate of participant 

recruitment, evaluate participant tolerance to the MRI scanning protocol, and determine 

optimal methods for MRI scanning and image analyses.  The results of the study 

suggested that four months of community-based recruitment were required to enroll nine 

older women for a study that involved evaluating leg muscle structure using PD imaging, 

DTI, and 1H-MRS.  For women with greater thoracic kyphosis or (risk of) vertebral 

fracture there were minor modifications to the way the participant was mounted and was 

positioned on the MRI scan bed for scanning.  Although these accommodations were 

minor, the strategies aimed to minimize risk of injury and maximize comfort for these 

participants.  Overall, the scan acquisition protocol was successful because imaging 

sessions could be performed without interruption for all participants and all data were 

analyzed successfully.  The successful application of the scanning and analysis protocols 

was important for the methods to use for MRI-based musculoskeletal evaluation in older 

women.  Specifically, achieving satisfactory results in the evaluation of all feasibility 

criteria were critical for the application of the recruitment, scanning, and analysis 

protocols, in the final thesis study that would assess older women with OP.  

 The final study of the thesis applied the MRI methods that were described and 

evaluated in Chapter Two and Chapter Three.  In this study, the primary aim was to 

compare bone structure and strength and muscle and fat macrostructure and 

microstructure in the leg of healthy postmenopausal women with and without OP.  The 

secondary and tertiary aims were to determine the associations between muscle and fat 

macrostructure and microstructure, tibial structure and strength, and physical performance 



Ph. D. Thesis - A. L. Lorbergs  McMaster University - School of Rehabilitation Science 

155 

outcomes, respectively.  The study findings indicated that musculoskeletal tissue structure 

and composition were similar in women diagnosed and treated for OP compared to 

women without OP.  Intermuscular fat content was associated with greater bone mineral 

content; however, fat situated within muscle had a negative relationship with distal tibia 

bone strength and was associated with slower gait speed.  Thus, the results of this study 

indicate that the location of fat storage may have implications on skeletal structure and 

physical functioning in older women.  This relationship was independent of OP diagnosis.  

Overall, this study implicates a role for MRI-based measures of fat and muscle 

microstructure and macrostructure for understanding the relationships among muscle, 

bone and physical performance measures in postmenopausal women.  These imaging-

based measures may provide novel targets for pharmacologic and exercise strategies 

aimed at preventing functional decline and fragility fractures.  

 

5.2 CONTRIBUTIONS OF THE THESIS TO THE LITERATURE  

 The studies included within the dissertation are novel and are the first to report 

measures of muscle and fat microstructure in the leg of older women.  Aside from 

opening new avenues of investigation, the research conducted as part of the thesis has 

made important contributions to two main areas of the literature: 1) the measurement of 

musculoskeletal tissues and assessment of their interrelationships and, 2) the evaluation of 

women with OP undergoing pharmacologic treatment.  

 The application of DTI and 1H-MRS for calculating muscle fibre architecture and 

fat infiltration, respectively, provides a means of acquiring information at a microscopic 



Ph. D. Thesis - A. L. Lorbergs  McMaster University - School of Rehabilitation Science 

156 

level without using invasive techniques, such as muscle biopsy.  The results of the thesis 

research suggest that DTI values in the leg were not related to aging, bone structure, or 

physical performance.  Although the similarities in DTI measures between young and old 

women were unexpected, they suggest that the small sample of women assessed did not 

demonstrate a greater degree of muscle fibre disorganization or isotropy, as had been 

reported previously in men [150].  Women with and without OP also had similar DTI 

values.  Indeed, this was somewhat less surprising than the former comparison.  These 

results were contrary to the vast body of literature supporting an inextricable relationship 

between muscle and bone supporting the hypothesis that compromised bone quality is 

associated with disruption of muscle structure.  However, the implications of this finding 

can be viewed positively from a rehabilitation perspective, since women with OP did not 

demonstrate microstructural muscle alterations to suggest they may respond differently to 

a non-pharmacologic intervention.  There were no relationships between physical 

functioning and muscle microstructure among the older women, which precludes any 

further conjectures associated with the potential effects of a training response on muscle 

fibre morphology.  Instead, this finding supports the notion that walking and repeated 

chair stands are complex tasks, to which coordination, balance, and muscle power would 

be considered more powerful determinants.  

 In contrast, microstructural evaluation of fat infiltration by 1H-MRS was inversely 

associated with bone strength in compressive loading in older women with and without 

OP.  This was not the first study to document IMCL content in older women, however it 

was the first time noninvasive measurement of IMCL content in the TibA was 
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documented as having an adverse relationship with tibia bone strength.  Despite the fact 

that IMCL content was not related to physical performance outcomes, fat infiltration 

measured as muscle density by pQCT was inversely associated with habitual gait speed. 

Further, the results demonstrated that intramuscular fat content of specific muscles (TibA 

and GC) was also associated with slower gait speed.  To summarize, the thesis research 

suggests that fat infiltration in the leg muscles measured at a cellular, tissue, and organ 

levels is associated, to some degree, with poorer bone strength and slower gait speed.  

Nevertheless, the results showed that intermuscular fat had a positive relationship to tibia 

bone mineral content, which may support the observation that greater body weight is 

protective against OP.  This finding adds to the importance of this thesis research to the 

literature.  For the first time, intermuscular and intramuscular fat compartments were 

separated and evaluated for their independent relationships with tibia bone structure and 

strength in older women with OP.  The research presented in the thesis has uncovered 

multiple methods for acquiring and quantifying the relationships between leg muscles, 

bone, and fat.  Given the increasing prevalence of musculoskeletal conditions and the 

increased likelihood of physical disability in older women [156], noninvasive 

investigation of muscle structure and composition is warranted.  The new outcomes 

described in the thesis may help develop novel intervention targets that could be used to 

optimize physical functioning in older women, particularly those at risk for falls and 

fractures. 

 A main strength of this thesis, and subsequently an important contribution of the 

thesis research to the literature, is the enrolment of women with OP, regardless of their 
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current treatment plan.  Therapeutic options significantly reduce the burden of fractures.  

International, national, and provincial strategies are in place to close the OP care gap [52, 

157, 158].  That is, to increase assessment and diagnosis of OP once a fragility fracture is 

reported by a patient because a large proportion of individuals who suffer fractures were 

being overlooked [159].  In Ontario, the main action plan in place is called the Ontario 

Osteoporosis Strategy, which involves the Ministry of Health and Long Term Care, the 

Ontario Women’s Health Council, charitable organizations, health care and research 

professionals, and numerous other community-based stakeholders [158].  In the thesis 

research described in Chapter Four, many of the women with OP reported fragility 

fractures and all of the women diagnosed with OP reported current or recent 

pharmacologic treatment.  As such, the thesis results suggest that the OP care gap is 

closing, at least in the small sample of women assessed who volunteered for this study.  If 

the OP care gap is indeed shrinking, there can be optimism among clinicians and patients 

that individuals at high risk of fracture are receiving treatment as indicated.  A critical 

next step to closing the OP care gap, as the results from Chapter Four suggest, is to 

understand the effect that pharmacologic treatments have on muscle structure and 

composition and physical functioning.  As a first step in this direction, the thesis research 

described within the dissertation incorporates women with OP using pharmacologic 

therapy.  The study results therefore represent, to a degree, data from a representative 

group of healthy, community-dwelling, high-functioning women between 60 and 75y.  
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5.3 POTENTIAL LIMITATIONS 

 The limitations of each individual study are described within each of the 

manuscripts.  This section highlights some methodological considerations for interpreting 

the validity and generalizability of the dissertation as a whole, as they pertain to: imaging 

devices, participant characteristics, and study design. 

 A number of factors are known to influence microstructural and macrostructural 

muscle measures acquired by MRI.  First, individuals who are more hydrated could 

present increased water diffusivity values as measured by DTI.  Temperature variation 

could affect membrane permeability, blood viscosity and flow that influences the rate of 

water diffusivity in peripheral skeletal muscle.  The research documented as part of the 

thesis did not measure hydration status or body temperature; subsequently data were not 

controlled or adjust for their potential effects.  Participants did not present symptoms of 

dehydration (e.g., cramping) and were provided blankets as needed to maintain a 

comfortable body temperature for the scanning protocol.  Exercise elevates body 

temperature and is associated with greater water diffusivity in skeletal muscle [160].  To 

minimize the effects of exercise, young women assessed in Chapter Two were instructed 

to avoid engaging in vigorous physical activity on the day of their study visit.  

Unfortunately, the same instruction was not provided to older women and presents a 

source of variability that may have affected the comparison of DTI measures in young 

and older women.  The third consideration for DTI is the influence of muscle fibre 

alignment.  Saupe and colleagues (2008) highlighted the importance of muscle fibre 

pennation angle to accurately calculate diffusivity measurements [161].  To eliminate 
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variability in muscle fibre alignment between individuals due to positioning, all studies in 

the thesis used a standardized footrest for MRI scanning.  The footrest stabilized the 

ankles at 90 degrees.  To further control for differences between individuals, the 

measurement site was located based on individual tibia length where the five slices 

nearest to the fiducial marker were analyzed for all five muscle ROIs.  Muscle fibre 

alignment is also an important consideration for 1H-MRS.  The spectral analysis of IMCL 

and EMCL is dependent upon the separation of the lipid peaks, which is optimal when 

muscle fibre alignment is parallel and aligned with the magnetic field [162].  

Accordingly, the only muscle for which relative IMCL content was quantified was TibA.  

 There are various participant characteristics that were not measured or reported 

within the thesis research, even though their associations with musculoskeletal structure 

and function are documented in the literature.  With respect to the older women, the study 

was only permitted to request the physicians send patient results of the most recent BMD 

test scores.  While this medical information was an important for patient verification of 

BMD T-scores, it did not provide any information about the pharmacologic treatment of 

women diagnosed with OP.  Thus, information regarding participant exposure to other 

anti-osteoporosis medications and details about the duration and adherence to current 

pharmacotherapy were not reported.  For women with fragility fractures, the anatomical 

site, date, and mechanism (i.e., determination of fragility versus traumatic) of fracture 

were based on recall that was not confirmed with patient medical records.  Vitamin D 

levels, known to influence muscle function and bone density, independent of physical 

activity levels [163] were not reported in the thesis.  The OP clinical practice guidelines 
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suggest that women aged over 50y, daily supplementation of 800-1000IU of vitamin D is 

recommended [52].  Despite the recognized importance of vitamin D, individual levels 

were not assessed due to the cost of the blood tests that are not covered by the Ontario 

Healthy Insurance Plan and precludes many individuals from knowing their vitamin D 

levels.  Instead, participants provided information regarding the type and amount of daily 

supplementation at the study visit interview.   

 Interpretation of the thesis results is further limited by the cross-sectional study 

design employed in all three manuscripts.  While there are advantages to assessing 

relationships between variables at a given time, there are limitations to their 

interpretation.  Most importantly, correlations to do not indicate causation.  Thus, the 

findings documented in the dissertation are confounded by a single measurement 

occasion and muscle DTI measures that are largely based on the theoretical motion of 

water molecules in an anisotropic tissue.  Despite the challenges associated with 

measuring muscle microstructural and macrostructural variables over time (e.g., image 

co-registration, reliable definition of ROIs), prospectively examining changes in muscle 

composition and fibre architecture noninvasively would be an important contribution to 

the literature.   

 

5.4 RECOMMENDATIONS FOR FUTURE RESEARCH  

 Each individual manuscript within the dissertation describes specific 

recommendations based on study findings.  This section highlights some general 

directions for future research based on the thesis research findings as a whole. 
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 Bone loss is exacerbated by muscle weakness and disuse.  Based on the finding 

that gait speed and bone strength are negatively associated with increased fat infiltration, 

it is recommended that future OP-related research incorporate measures of physical 

function with measures of musculoskeletal structure.  The indicators of physical 

functioning applied to future studies should be clinically relevant, so that important 

relationships between tissue structures can be identified.  The development of targeted 

pharmacologic and non-pharmacologic interventions will have a greater overall impact if 

the effectiveness translates to meaningful gains for a person’s health and well-being.  To 

further apply and improve the general understanding of the importance of the 

musculoskeletal imaging-based outcomes, objective measurements of physical activity 

levels would be beneficial.  For example, accelerometry could collect data regarding the 

average amount of time an older woman spends participating in sedentary and non-

sedentary activities.  Accelerometry is particularly advantageous for capturing the 

habitual muscle use of the lower extremities and could provide an objective description of 

activity levels not captured by self-report questionnaires.  

 Given the enormous social and personal burden of musculoskeletal conditions, 

there is great potential for MRI to be applied as a tool for characterizing muscle changes 

at the structural level.  The success of this research will depend on accruing a greater 

understanding of the meaning of the measures, particularly with respect to the water 

diffusivity coefficients calculated using DTI.  Studies should aim to validate the DTI 

eigenvalues in human skeletal muscle so that greater meaning can be given to the 

measures.  Further, the influence of morphological changes in muscle fibre structure 
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should be assessed histologically and compared with DTI measures because there is 

growing interest in understanding the contribution of age-related mitochondrial 

dysfunction and subsequent muscle fibre splitting to muscle weakness [164-166].  With 

the increasing prevalence of T2D and obesity, there should also be research dedicated to 

understanding how fat infiltration in skeletal muscle influences microstructural measures 

calculated by DTI.  From a rehabilitation perspective, assessing the detrimental effects of 

excess fat storage in muscle should be evaluated so that strategies can be developed to 

mitigate its accumulation and negative effects.  It would also be worthwhile to consider 

an investigation of the relationship between muscle force production and muscle structure 

and composition.  Recent studies have begun to evaluate the relationship of DTI measures 

with the rate of force development [167] and fat infiltration with muscle activation [168], 

but this area of research remains largely unexplored.  

 Perhaps the most obvious recommendation for future research is to determine 

whether similar musculoskeletal tissue characteristics and relationships are observed in 

men.  As the population continues to grow older, OP and fractures in men are a growing 

health concern [169].  OP in men is now widely recognized as an understudied area 

because OP was primarily considered a disease of women.  A shift in clinical and 

scientific perspectives has resulted in a recent surge of investigation in the area of OP in 

men, but information in this area is lagging because men are underrepresented in the OP 

literature.  Questions regarding sex- and age-related changes in skeletal microstructure, 

fat accumulation, musculoskeletal tissue relationships, and the associations of physical 

functioning and muscle structure and composition are yet to be elucidated in both sexes.  
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Comparisons and contrasts between the sexes may shed light on whether strategies for 

preventing OP should consider sex-dependent target outcomes to increase the overall 

effectiveness of a given intervention.  

 

5.4 SUMMARY  

  The collection of research presented in this doctoral dissertation demonstrates the 

application of advanced MRI scanning methods to evaluate muscle structure and 

composition in older women with and without an OP diagnosis.  This research was a first 

step to determine the utility of specific scanning methods for assessing the muscle 

microstructure and macrostructure in older women.  The contributions of this work 

include the exploration of age-related differences in muscle microstructure, the 

determination of the feasibility of MRI scanning methods to older women, and the 

description of the relationships between muscle structure and composition, bone structure 

and strength, and physical performance in active older women with and without OP.  It is 

anticipated that the results of the thesis stimulate continued interdisciplinary research that 

will ultimately lead to the development and evaluation of interventions aimed at 

enhancing musculoskeletal structure, maximizing mobility, and maintaining optimal 

physical functioning in older adults. 
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APPENDIX A 
 

Scoping review search strategy  

Health research databases (PubMed, MEDLINE, CINAHL, Embase, Web of Science) 

were searched for peer-reviewed articles and conference proceedings published in the 

English language. No date limits were applied, but all pertinent articles published on or 

before August 2, 2013 were considered for inclusion.   

Keywords used in various combinations included: women, female, magnetic resonance 

imaging, MRI, muscle, skeletal muscle, leg, lower leg, calf, dorsiflexor, plantarflexor.  

Animal studies were excluded. The reference lists of all pertinent articles were hand 

searched for articles that may have been missed in the electronic database search. 

 

Study selection 

Titles and abstracts of all articles in the database search were screened for inclusion. The 

focus of the investigation was identifying articles that measured leg muscle in women 

using MRI. Potentially relevant articles underwent full-text review. We excluded articles 

that examined the thigh and calf as a single leg unit. All study designs were included. Full 

text review confirmed key criteria for inclusion: leg skeletal muscle structure was 

measured with any MRI device. Participant descriptions were evaluated during full-text 

review to ensure that the mean age of the women in the sample was ≥18 years. Our 

primary interest was articles that reported MRI-based leg muscle structure outcomes for 

women separately. However, we also conducted a full-text review of articles that did not 

report data for women separately, but fulfilled all other criteria. This literature was 

thought to also contribute to refining future research inquiry.  

Given the broad population criteria and the overarching goal of the literature synthesis, 

we excluded studies that investigated women with spinal cord injury, stroke, muscular 

dystrophies, and congenital muscle diseases.  
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APPENDIX B 
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APPENDIX C 
 

Table Appendix C1. Correlations between measures of leg muscle and fat macrostructure with bone structure and 

strength adjusted for tibia length in postmenopausal women with and without osteoporosis (n = 35)  

 

  

Muscle 
CSA 

Muscle 
Density 

Muscle volume   Intramuscular fat Intermuscular 
fat TibA SOL GC   TibA SOL GC 

4% 

Total density -0.05 -0.29 -0.15 -0.10 -0.01 
 

0.01 0.36 0.26 0.17 

Total area 0.63 0.21 0.65 0.51 0.53 
 

-0.22 -0.19 -0.26 0.21 

Total content  0.62 -0.08 0.56 0.46 0.56 
 

-0.21 -0.14 -0.01 0.44 

Trabecular density -0.26 -0.17 -0.30 -0.23 -0.13 
 

0.01 0.28 0.20 0.01 

Trabecular area 0.42 0.22 0.65 0.50 0.53 
 

-0.22 -0.18 -0.25 0.20 

Trabecular content 0.73 -0.02 0.36 0.34 0.45 
 

-0.18 0.07 -0.05 0.28 

Bone strength index 0.07 -0.32 -0.02 -0.02 0.12 
 

0.02 0.39 0.24 0.19 

 
           

14% 

Cortical density -0.06 -0.12 -0.05 -0.17 -0.22 
 

0.01 0.28 0.23 0.20 

Cortical area 0.73 -0.08 0.73 0.54 0.51 
 

-0.25 0.10 0.02 0.46 

Cortical content 0.63 -0.10 0.63 0.43 0.38 
 

-0.22 0.18 0.09 0.47 

            

38% 

Cortical density -0.05 -0.06 0.02 -0.08 -0.07 
 

0.07 0.15 0.10 -0.05 

Cortical area 0.73 -0.02 0.70 0.55 0.54 
 

-0.26 0.06 -0.03 0.46 

Cortical content 0.70 -0.02 0.69 0.53 0.52 
 

-0.24 0.07 -0.02 0.44 

            

66% 

Cortical density 0.09 0.04 0.16 0.12 0.02 
 

0.01 0.15 0.12 -0.11 

Cortical area 0.65 0.04 0.60 0.52 0.49 
 

-0.24 0.03 -0.04 0.36 

Cortical content 0.63 0.05 0.58 0.51 0.46 
 

-0.23 0.05 -0.02 0.31 

Strength strain index 0.59 -0.18 0.56 0.43 0.47   -0.15 0.18 0.04 0.20 

 

CSA = cross sectional area; TibA = tibialis anterior, SOL = soleus; GC = gastrocnemius (both heads)  
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Table Appendix C2. Correlations between muscle and fat microstructure and bone structure and strength adjusted for 

tibia length in postmenopausal women with and without osteoporosis (n = 35)  

 

  

ADC   FA   
IMCL* 

TibA TibP SOL MG LG   TibA TibP SOL MG LG   

4% 

Total density -0.30 -0.51 -0.08 -0.03 0.05 
 

-0.08 -0.12 0.24 0.03 -0.17 
 

-0.39 

Total area 0.44 0.33 0.40 0.42 0.16 
 

0.08 0.05 0.05 0.13 0.17 
 

0.04 

Total content  0.19 -0.10 0.41 0.45 0.25 
 

-0.03 -0.08 0.30 0.17 0.02 
 

-0.31 

Trabecular density -0.22 -0.43 0 0.05 0.15 
 

-0.11 -0.09 0.16 0.04 -0.30 
 

-0.25 

Trabecular area 0.44 0.33 0.40 0.43 0.16 
 

0.09 0.05 0.04 0.13 0.17 
 

0.03 

Trabecular content 0.23 -0.10 0.50 0.53 0.36 
 

-0.11 0.08 0.27 0.19 -0.16 
 

-0.22 

Bone strength index -0.19 -0.41 0.08 0.07 0.07 
 

-0.16 0.03 0.21 0.11 -0.16 
 

-0.50 

               

14% 

Cortical density -0.01 -0.22 -0.07 0.02 0 
 

-0.03 -0.08 0.26 0.21 0.29 
 

-0.27 

Cortical area 0.25 -0.06 0.32 0.46 0.27 
 

0.05 -0.03 0.13 -0.06 0.11 
 

-0.14 

Cortical content 0.23 -0.10 0.28 0.42 0.25 
 

0.04 0.06 0.18 0.01 0.16 
 

-0.17 

               

38% 

Cortical density 0.10 -0.28 0.10 0.13 0.11 
 

-0.22 -0.03 0.19 0.15 0.14 
 

-0.23 

Cortical area 0.32 -0.02 0.40 0.54 0.31 
 

0.06 0.00 0.20 0.06 0.10 
 

-0.15 

Cortical content 0.33 -0.05 0.41 0.55 0.32 
 

0.02 0.00 0.22 0.07 0.10 
 

-0.18 

               

66% 

Cortical density 0.09 -0.21 -0.03 -0.04 -0.15 
 

-0.20 0.06 0.33 0.28 0.30 
 

-0.23 

Cortical area 0.28 -0.06 0.40 0.48 0.23 
 

-0.22 0.00 0.29 0.15 0.10 
 

-0.14 

Cortical content 0.28 -0.08 0.37 0.44 0.19 
 

-0.05 0.01 0.32 0.18 0.14 
 

-0.16 

Strength strain index 0.35 0.06 0.56 0.50 0.19   -0.27 -0.13 0.14 0.15 0.05   -0.38 

* n = 29 

ADC = apparent diffusion coefficient; FA = fractional anisotropy; TibA = tibialis anterior; TibP = tibialis posterior; MG = medial 

gastrocnemius; LG = lateral gastrocnemius; IMCL = intramyocellular lipid 
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Table Appendix C3. Correlations between muscle and fat macrostructure and 

microstructure and measures of physical performance and self-reported physical 

activity levels in postmenopausal women with and without osteoporosis (n = 35) 
 

  

Gait 
Speed 

30-CST 
RAPA 
score 

HAP AAS 
score 

Muscle CSA Total 0.27 -0.05 -0.15 0.26 

Muscle Density Total 0.50 0.13 0.35 0.32 

      

Muscle Volume 

TibA 0.28 -0.14 -0.11 0.24 

SOL 0.15 -0.14 -0.19 0.12 

GC 0.31 0.04 0.03 0.23 

      Intermuscular fat Total -0.29 -0.24 -0.31 -0.21 

      

Intramuscular fat (%) 

TibA  -0.43 -0.22 -0.35 -0.21 

SOL -0.27 -0.14 -0.16 -0.18 

GC -0.41 -0.18 -0.25 -0.14 

      

Apparent Diffusion 
Coefficient 

TibA 0.16 -0.07 0.21 0.10 

TibP 0.37 0.32 0.14 0.21 

SOL 0.06 -0.08 0.16 -0.13 

MG 0.02 -0.15 0.26 -0.16 

LG -0.32 -0.34 0.08 -0.25 

 
     

Fractional Anisotropy 

TibA 0.20 0.01 0.03 0.03 

TibP 0.45 0.14 0.10 0 

SOL 0.24 0.08 -0.03 -0.12 

MG 0.38 0.25 0.09 0.13 

LG 0.16 0.16 -0.07 0.15 

 
     IMCL TibA -0.20 -0.15 -0.25 0.09 

 

RAPA = Rapid Assessment of Physical Activity; HAP = Human Activity Profile; 30-CST = 30 

second chair stand test; CSA = cross sectional area; TibA = tibialis anterior, SOL = soleus; GC = 

gastrocnemius (both heads); TibP = tibialis posterior; MG = medial gastrocnemius; LG = lateral 

gastrocnemius; IMCL = intramyocellular lipid 
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APPENDIX D 
 

Figure Appendix D1: 1H-MRS spectra acquisition screen image  

 

Figure Appendix D2: Representative spectra fitting using LCModel software 
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APPENDIX E 

 

Table Appendix E1: Reliability of Fractional Anisotropy  

(3 occasions, n = 16) 

  ICC2,1 95% CI 

Tibialis Anterior 0.919 (0.826, 0.968) 

Tibialis Posterior 0.905 (0.798, 0.963) 

Soleus 0.933 (0.854, 0.974) 

Medial gastrocnemius 0.871 (0.732, 0.948) 

Lateral gastrocnemius 0.966 (0.923, 0.987) 

 

 

 

 

Table Appendix E2: Reliability of muscle cross-sectional area  

(3 occasions, n =16) 

 

  ICC2,1 95% CI 

Cross-sectional area 0.992 (0.981, 0.997) 

SEM = 1.01cm2 
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APPENDIX F 
 

 
 

Figure Appendix E1: Flow chart demonstrating the number of individuals screened 

and enrolled for the study.   

MRI = magnetic resonance imaging; COPD = chronic obstructive pulmonary disorder; 

DXA = dual energy X-ray absorptiometry  


