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Musculoskeletal disorders, such as sarcopenia and osteoporosis, are common among older 
people. Preventive strategies require understanding of the determinants, interrelationships and 
consequences of changes in muscle strength, function and body composition in older age.  

Considering novel statistical techniques and using data from 3075 men and women (aged 
70-79 years) from the Health, Aging and Body Composition Study, this thesis describes 9-year 
changes in grip strength, gait speed, appendicular lean mass (ALM), whole body fat mass and total 
hip BMD, and identifies determinants and consequences of lower levels and greater declines in 
these characteristics.  

Declines were linear for ALM but accelerated with age for other characteristics. Declines in 
characteristics were positively correlated, suggesting they co-occur. Determinants of lower levels 
of most characteristics included older age, shorter stature and lower physical activity; older age 
and poorer diet quality predicted greater declines in some characteristics. Lower levels and 
greater declines in all characteristics predicted hospital admission (excluding ALM and fat mass) 
and mortality. Lower levels of all characteristics and greater hip BMD declines predicted fragility 
fracture. Lower grip strength, greater declines in ALM and hip BMD, and lower levels and greater 
declines in gait speed predicted falls. 

These results have clinical implications. First, healthier lifestyles, represented by higher diet 
quality and physical activity, predicted higher levels and reduced declines in musculoskeletal 
characteristics. Therefore, encouraging healthier lifestyles may improve musculoskeletal health in 
older age. Second, interventions to maximize peak levels of musculoskeletal parameters in early 
adulthood, and to delay age-related declines, may reduce the burden of musculoskeletal 
morbidity in later life.  

Statistical implications of this thesis are that latent class trajectory and growth mixture 
models were of limited use for identifying groups of participants with varying rates of decline in 
characteristics. Applying a linear mixed effects model to z-scores obtained from the LMS method 
and then extracting the random slopes was a feasible method for deriving change measures in 
these characteristics. Bivariate dual change score models were unsuitable for examining 



 

interrelationships between changes in characteristics as many failed to converge. Longitudinal 
cohort studies of musculoskeletal parameters should ascertain these at many time-points and 
implement statistical methods to characterise change which use all repeated measurements. 
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Chapter 1 Introduction 

1.1 Chapter summary 

This chapter includes the following information: rationale for this thesis; background information 

on scientific topics relevant to this thesis such as the musculoskeletal system, sarcopenia, 

osteoporosis, body composition and obesity; a review of the epidemiological literature on this 

thesis topic; a statement of the thesis aims and objectives; and a summary of the content in this 

thesis.  

 

1.2 Rationale 

Musculoskeletal disorders are prevalent in older people and are a leading cause of morbidity 

worldwide. Preventative strategies for age-related musculoskeletal conditions require better 

understanding of risk factors for accelerated loss of muscle strength and physical function, and 

changes in body composition (including bone), as well as knowledge about how these parameters 

interrelate.  

Using data from the Health, Aging and Body Composition (Health ABC) Study, this thesis: uses 

statistical techniques to describe change in muscle strength, physical function and body 

composition; examines interrelationships between these changes; and identifies risk factors for, 

and health-related consequences of, lower levels and greater declines in these characteristics. 

 

1.3 The musculoskeletal system  

The musculoskeletal system, comprising bone, muscle and connective tissue such as cartilage, 

ligaments and tendons, provides support, protection and movement for the body1. Consequently, 

a healthy musculoskeletal system in older age is crucial for physical functioning and mobility and 

for maintaining independence2. However, musculoskeletal disorders are common, particularly 

among older people, with around one in three people currently living with a chronic 

musculoskeletal condition worldwide3; musculoskeletal disorders represented a sizeable 

proportion (17.1%, 95% CI: 15.3–18.9) of the Global Burden of Disease in 20164. Musculoskeletal 

conditions confer considerable economic costs to society, including direct healthcare costs as well 
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as indirect costs relating to unemployment and lower productivity; these are likely to increase in 

Western countries due to aging populations. For example, the total cost of musculoskeletal 

conditions in the US increased from 3.4% of gross domestic product (GDP) in 1996 to 5.8% of GDP 

in 20145. Common musculoskeletal conditions include osteoporosis, osteoarthritis and 

sarcopenia. Further background information about sarcopenia and osteoporosis is provided below 

as these are particularly relevant for this thesis.  

 

1.3.1 Sarcopenia 

Sarcopenia is the aggressive loss of skeletal muscle mass, strength and function in older age6. It is 

associated with increased risk of physical frailty, disability and mortality and is now regarded as a 

specific condition by the International Classification of Diseases7. Sarcopenia is also a major 

contributor to health care costs; in the year 2000, annual estimated medical costs attributable to 

sarcopenia in the United States, based on the extent to which sarcopenia increased risk of 

physical disability, were $18.5 billion, representing approximately 1.5% of annual healthcare 

expenditure8. Using data from the Hertfordshire Cohort Study (HCS), estimated UK healthcare 

costs associated with sarcopenia were £2.5 billion annually9. Established determinants of 

sarcopenia include older age, female sex, low physical activity, poor diet quality10 and 

developmental influences such as low birth weight11. 

There is currently no consensus algorithm for defining sarcopenia. However, various diagnostic 

criteria for sarcopenia have been suggested, primarily based on muscle mass, strength, and 

function12. For example, the revised European Working Group on Sarcopenia in Older People 

(EWGSOP2), defines probable sarcopenia as having low grip strength, confirmed sarcopenia as 

low grip strength and lean mass and severe sarcopenia as low grip strength and lean mass and 

slow gait speed13. In contrast, the International Working Group on Sarcopenia (IWGS), proposes a 

combination of only low lean mass and slow gait speed14. Standardised measurement protocols 

exist for the ascertainment of grip strength and gait speed in clinical and community settings15 16. 

The prevalence of sarcopenia varies depending on the age, ethnicity and setting of the population 

sampled and on the diagnostic tools used to define the condition6. A systematic review of 35 

studies which estimated the prevalence of sarcopenia among community-dwelling older 

individuals (aged 60 and older) using the original European Working Group on Sarcopenia in Older 

People (EWGSOP), IWGS or Asian Working Group for Sarcopenia (AWGS) definitions, reported an 

overall prevalence of sarcopenia of 10% among men and women17. Higher prevalences of 

sarcopenia according to the EWGSOP algorithm have been observed across care settings, for 
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example, among geriatric outpatients (26%)18, older adults admitted to acute hospital wards 

(34.7%)19 and in long term care homes (63.0%)20. 

 

1.3.2 Osteoporosis 

Osteoporosis is a disorder characterized by micro-architectural deterioration of bone tissue and 

low bone mass which increases bone fragility and fracture risk21. Osteoporotic fractures are 

associated with increased risk of morbidity, mortality, and reduced physical function, resulting in 

huge individual and societal costs, especially as 20% of men and 50% of women over 50 are likely 

to suffer from an osteoporotic fracture22. Hip fractures are the most common type and have the 

greatest economic costs out of all osteoporotic fractures23 24. The overall economic burden 

associated with osteoporotic fractures has been estimated at $17 billion in the US in 200525 and 

€37.4 billion in the European Union in 201026. FRAX®, a fracture risk assessment tool for 

estimating an individual’s 10-year likelihood of hip and major osteoporotic fracture (hip, distal 

forearm, proximal humerus or clinical spine) was released in 2008 and is based on age, BMI and 

clinical risk factors (femoral neck BMD can also be used in the calculation if available)27 28. Clinical 

risk factors in the FRAX® algorithm include current smoking, excessive alcohol intake, long term 

glucocorticoid use, prior fragility fracture, parental hip fracture, rheumatoid arthritis, and 

secondary osteoporosis29. 

The World Health Organisation (WHO) classifies an individual as osteoporotic if their bone mineral 

density (BMD), assessed using dual-energy x-ray absorptiometry (DXA), is at least 2.5 standard 

deviations below that of a young adult of the same sex30.  Using this definition, the estimated UK 

prevalence of osteoporosis at either the total hip or lumbar spine among individuals aged 50 or 

older was 7% among men and 27% among women in 2010; corresponding estimates in the US 

were 4% and 16% among men and women respectively31. 

 

1.3.3 The muscle-bone unit 

Muscle and bone are regarded as part of a single operational unit according to the Mechanostat 

hypothesis32. This hypothesis explains how bones respond to the forces exerted on them through 

muscle contraction and relaxation to ensure sufficient bone strength is maintained. Modelling 

(addition of bone to the outer surface) and remodelling (removal and repair of defective bone 

along with the formation of new bone) are the two processes influenced by muscle loading which 
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affect bone strength33. Aspects of bone which may be influenced in this framework include bone 

mass, stiffness, shape and size. Whilst not directly related to the forces impacting on bone, factors 

such as hormones and nutrition may influence the ability of bone to respond to these forces. The 

Mechanostat hypothesis underpins how bones adapt to the changes in muscle loading across the 

lifecourse. This interconnectedness of muscle and bone at the physiological level may partly 

explain why musculoskeletal disorders, such as sarcopenia and osteoporosis, often co-occur and 

share similar risk factors.  

 

1.4 Body composition and obesity 

Body composition refers to the distribution and amount of lean and fat mass in the body and has 

a substantial effect on health among people of all ages34. Simple assessments of body composition 

include BMI for general adiposity and the use of skinfolds, waist circumference and waist-to-hip 

ratio for fat distribution. More complex techniques, such as DXA, allow total mass to be 

partitioned into lean, fat and bone mass. 

Aging is associated with decreases in lean mass and increases in fat mass (particularly in the 

abdominal area)35 which can increase the risk of sarcopenia and obesity respectively. Sarcopenic 

obesity, the presence of both sarcopenia and obesity, can arise which is related to greater risk of 

disability and adverse health outcomes than sarcopenia or obesity in isolation36. Obesity (often 

defined as a BMI ≥30 kg/m2) in older age has been related to higher risks of: cardiovascular 

disease; diabetes; various cancers; physical disability and mortality37. Higher levels of fat mass 

have also been related to increased risk of subsequent disability38 and all-cause mortality39.  A 

recent meta-analysis found that annual medical spending attributable to obesity in the US was 

approximately $149.4 billion40. Determinants of overweight and obesity in older populations have 

been examined previously41-43 and include male sex, low educational attainment, being married, 

not currently smoking, physical inactivity, functional limitations and comorbidity. 

Obesity is common among older people in Europe with an estimated prevalence of 19.2% in 2013 

according to the Survey of Health, Ageing and Retirement in Europe, a study of individuals aged 

≥50 years from 10 European countries44; the prevalence in the US among individuals aged 

≥60 years was estimated at 35.4% in 2011-2012 according to the National Health and Nutrition 

Examination Survey45.  

In summary, sarcopenia, osteoporosis and obesity are common among older people, impose a 

heavy burden on individuals and on society and are underpinned by parameters relating to 
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muscle strength, function and body composition (including bone density). Therefore, preventive 

strategies for these conditions require understanding of the determinants, interrelationships and 

health-related consequences of changes in these parameters which this thesis addresses. 

 

1.5 Epidemiological literature review 

Scoping literature searches were conducted to identify determinants, interrelationships and 

health-related consequences of change in grip strength, gait speed as a measure of physical 

function, lean mass, fat mass and BMD. Although methodical in nature, literature reviews 

conducted in this thesis were not formally systematic and, therefore, did not follow the Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Grip strength, 

gait speed and lean mass are key components of sarcopenia and are more commonly used as 

predictors and outcomes in epidemiological studies instead of sarcopenia as they are 

measureable across a continuum; similarly BMD is an important continuous measure relating to 

osteoporosis and both fat and lean mass are important measures of body composition. These 

searches were conducted in December 2017 in OVID using the Medical Literature Analysis and 

Retrieval System Online (MEDLINE) and Excerpta Medica Database (EMBASE) databases. 

Observational studies in the English language among cohorts of older people were eligible for 

inclusion. Measures of fat mass and lean mass included in this review were those ascertained 

using DXA, computed tomography (CT) or bioelectrical impedance (BI); articles including fat 

distribution measures such as waist circumference and waist-to-hip ratio were also deemed 

eligible whereas measures of adiposity based on weight and BMI were not. The exclusion of these 

more simplistic measures of adiposity was performed to focus on more sophisticated measures 

which calculate fat mass or account for its distribution. 

Overall, three literature searches were implemented to identify articles using the following 

measures: grip strength, gait speed and lean mass (Table 1); fat mass (Table 2) and BMD (Table 3). 

Articles deemed relevant based on the title were then carried forward and the abstracts of these 

articles were then screened by one reviewer (myself) to identify relevant publications with the full 

text being examined if a decision could not be made using the abstract alone. Articles were then 

grouped into those examining determinants of change and those examining health-related 

consequences of change. In total, 206 relevant publications were identified.  
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Table 1: OVID literature search for articles examining change in grip strength, gait speed and 

lean mass 

Stage Search terms used 
Articles 

returned 

1 Articles exploring change in grip strength, gait speed or lean mass 

 

(change* or decline* or attenuation or loss or lost or gain* or 

trajectories or trajectory).ti,ab. and (hand strength/ or (grip strength or 

hand strength or hand-grip strength or hand grip strength).ti,ab. or 

(muscle mass or lean mass or lean body mass or appendicular skeletal 

mass).ti,ab. or (gait speed or gait speed or gait-speed or gait 

velocity).ti,ab.) 

48142 

2 Articles on cohort studies of older people 

 

((cohort or cohort analysis or follow up or follow-up or cohort studies 

or follow-up studies or prospective).ti,ab. or cohort studies/ or follow-

up studies/ or prospective studies/ or longitudinal studies.mp.) and 

((older adults or elderly or old or seniors or adult or middle aged).ti,ab. 

or exp Aged/ or middle aged/) 

2175822 

3  Articles relevant to both Stage 1 and 2 which are in the English 

language and were published from 1980 to 2017 

 

1 and 2 

limit to English language and human.mp 

limit to yr=1980-2017 

remove duplicates 

2751 

4 Potentially relevant publications (based on the title and abstract) 101 

5 Relevant publications (based on the title, abstract and full-text if the 

relevance could not be determined by the title and abstract) 

85 
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Table 2: OVID literature search for articles examining change in fat mass 

Stage Search terms used 
Articles 

returned 

1 Articles exploring change in fat mass or measures of adiposity 

 

(change* or decline* or attenuation or loss or lost or gain* or trajectories or 

trajectory).ti,ab. adj5 (fat or fat mass or fatness or adipos*)  

44862 

2 Articles on cohort studies of older people 

 

((cohort or cohort analysis or follow up or follow-up or cohort studies or 

follow-up studies or prospective).ti,ab. or cohort studies/ or follow-up 

studies/ or prospective studies/ or longitudinal studies.mp.) and ((older 

adults or elderly or old or seniors or adult or middle aged).ti,ab. or exp 

Aged/ or middle aged/) 

2175822 

3 Articles relevant to both Stage 1 and 2 which are in the English language 

and were published from 1980 to 2017 

 

1 and 2 

limit to English language and human.mp 

limit to yr=1980-2017 

remove duplicates 

1282 

4 Potentially relevant publications (based on the title and abstract) 31 

5 Relevant publications (based on the title, abstract and full-text if the 

relevance could not be determined by the title and abstract) 

25 
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Table 3: OVID literature search for articles examining change in BMD 

Stage Search terms used 
Articles 

returned 

1 Articles exploring change in bone mineral density 

 

(change* or decline* or attenuation or loss or lost or gain* or 

trajectories or trajectory).ti,ab. and (bone density/ or (bone 

densit* or bone mineral densit* or bone mineral content or BMD 

or BMC or bone mass or bone strength).ti,ab.) 

76579 

2 Articles on cohort studies of older people 

 

((cohort or cohort analysis or follow up or follow-up or cohort 

studies or follow-up studies or prospective).ti,ab. or cohort 

studies/ or follow-up studies/ or prospective studies/ or 

longitudinal studies.mp.) and ((older adults or elderly or old or 

seniors or adult or middle aged).ti,ab. or exp Aged/ or middle 

aged/) 

2175822 

3  Articles relevant to both Stage 1 and 2 which are in the English 

language and were published from 1980 to 2017 

 

1 and 2 

limit to English language and human.mp 

limit to yr=1980-2017 

remove duplicates 

3960 

4 Potentially relevant publications (based on the title and abstract) 110 

5 Relevant publications (based on the title, abstract and full-text if 

the relevance could not be determined by the title and abstract) 

96 
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1.5.1 Determinants and health-related consequences of change in grip strength, gait 

speed, body composition and BMD 

The determinants and consequences of change in grip strength, gait speed, lean mass, fat mass 

and BMD as identified from the epidemiological literature review are summarised in Table 4. 

Information on interrelationships between changes in these measures is not included in Table 4; 

this material is outlined in Section 1.5.2. 

Some of the measures of interest had common determinants (Table 4). Older age, height loss, 

lower physical activity, poorer diet and comorbidity were each associated with greater decline in 

grip strength, gait speed and BMD. In addition to male sex, older age, lower physical activity and 

poorer diet were also determinants of increases in fat mass. Determinants of lean mass decline 

were broadly a subset of the determinants of grip strength decline. 

Health-related consequences of changes in these parameters were also identified from the 

literature review (Table 4). For example, increases in fat mass and declines in grip strength, gait 

speed, lean mass and BMD were each associated with increased risk of mortality. Associations 

between decreases in fat mass among older people and increased risk of mortality and cognitive 

decline were also identified, suggesting that accelerated loss of fat may reflect poor underlying 

health status. Declines in grip strength and gait speed were also related to increased risk of 

physical disability. Declines in BMD shared some consequences with declines in gait speed 

(cognitive decline) and increases in fat mass (poorer cardiovascular health). 
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Table 4: Determinants and health-related consequences of change in grip strength, gait speed, 

body composition and BMD 

Component Determinants Consequences 

Grip strength 
decline 

Older age46-49 
Male sex46-49 
Lower childhood SEP50 
Lower occupational position (M)51 
Shorter height47  
Height loss52 53 
Increased adiposity54 
Weight loss52 53 55 
Lower physical activity49 52 56 
Poorer diet quality57 
Lower protein intake58 
Lower 25-hydroxyvitamin D59 60 
Smoking (W)49 
Depressive symptoms (M)61 
Higher perceived stress (W)49 
Lower cognition62 63 
Dementia (W)49 
Stroke (M)55 
Diabetes (M)55 
Arthritis (M)55 
Coronary heart disease (M)55 
COPD (M)55 
Increased comorbidity47 
Higher inflammation (CRP, IL-6 and 
IL-1Ra)64-66 
 

Mortality67-72 
Increased fall risk (W)73 
Frailty (W)73 
IADL disability (W)73 
ADL disability72 
Mobility disability72 

Walking speed 
decline 

Older age74-76 
Height loss (W)76 
Greater weight (W)76 
Obesity77 
Lower physical activity77 78 
Poorer diet quality79 
Smoking (W)76 
Lower and declining cognition62 80 81 
Knee OA82  
Arthritis (W)76 
Diabetes (W)76 
Higher systolic blood pressure83 
Tooth loss84 85 
Higher inflammation (IL-6)86 87 

Mortality77 88 
Disability89 
Cognitive decline90 
Dementia91 

Lean mass 
decline 

Older age92 74 
Male sex93 
Higher fat mass94 
Weight loss95 96 
Lower fitness97 
Lower dietary protein intake98 
Lower 25-hydroxyvitamin D99 
Lower serum albumin100 

Mortality (M)105 106 
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Component Determinants Consequences 

Lower serum creatinine (M)101 
Higher insulin resistance (M)102 103 
Frailty104 

Fat mass 
increases 

Older age93 
Male sex93 
Poorer diet quality107 108  
Higher protein intake109 
Lower physical activity110 111 

Mortality (M)105 
Type 2 diabetes112 113 
Metabolic syndrome114 
Hypertension114 
Higher serum cholesterol (M)115 
Respiratory function decline116 
Renal function decline117 
Cognitive decline118 
 

Fat mass 
decline 

Higher physical activity110 111 Mortality (W)119 
Cognitive decline118 

Bone mineral 
density 
decline 

Older age120 121 
Female sex120 122 
White ethnicity123 124 
Socioeconomic disadvantage (M)125 
Lower weight126 127 128 
Weight loss126 127 128 
Lower physical activity128 129 
Poorer diet quality (W)130 
Lower calcium intake (M)120 
Higher protein intake131 132 
Smoking120 122 133 
Depressive symptoms134-136 
Lower renal function (M)137 129 138 
Hypertension (W)139 
Cardiovascular disease140 
Diabetes (W)141 142 
Higher inflammation (CRP, IL-6, 
TNFα)143 

Mortality144-147 
Incident cardiovascular disease148 
Coronary artery calcification (W)149 
Fracture150 151 
Recurrent falls152 
Cognitive decline153 

SEP: Socioeconomic position; ADL: Activities of daily living; IADL: Independent activities of 
daily living; COPD: Chronic obstructive pulmonary disease; CRP: C-reactive protein; IL-6: 
Interleukin-6; Il-1Ra: Interleukin-1 receptor antagonist; OA: Osteoarthritis; TNFα: Tumor 
necrosis factor alpha; (M): Association reported among men only; (W): Association reported 
among women only 

 

1.5.2 Interrelationships between change in grip strength, gait speed, body composition 

and BMD 

Publications exploring interrelationships between changes in grip strength, gait speed, lean mass, 

fat mass or BMD were identified from the epidemiological literature review. These papers had 

related either level or change in one of these parameters to change in another of these 

parameters. The publications identified had related BMD and body composition parameters to 

rate of grip strength and gait speed decline as well as examining body composition, gait speed and 
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grip strength as predictors of BMD decline. These papers are described in Sections 1.5.2.1 to 

1.5.2.3. Only seven papers relating change in one parameter to change in another parameter 

were identified. Furthermore, no papers identified by the literature review explored changes in 

muscle strength, physical function and body composition (including bone) in a single cohort using 

three or more repeated measures. 

 

1.5.2.1 Levels and changes in body composition parameters in relation to changes in grip 

strength and gait speed  

Components of body composition have been identified as predictors of grip strength and gait 

speed decline. For example, among a cohort of 1710 Afro-Caribbean men (Mean [SD] age 54.3 

[10.2] years), lower baseline and greater loss of arm lean mass were each associated with 

accelerated loss of grip strength54. Among participants of the Health ABC Study, changes in whole 

body DXA parameters and CT parameters relating to the abdomen and thigh were examined in 

relation to changes in gait speed over a 4-year follow-up75. Increases in thigh intermuscular fat 

and decreases in thigh muscle area were associated with greater decline in gait speed among men 

and women; the authors suggest that this could be due to an infiltration of fat into muscle, 

leading to reductions in lower limb mobility. Research on the association between BMD and 

changes in gait speed is limited but a small study of 182 women aged 70 to 84, found that changes 

in gait speed and forearm BMD during a 2-year follow-up were positively correlated154. 

 

1.5.2.2 Levels and changes in lean and fat mass in relation to changes in BMD  

There is evidence that lower level and accelerated loss of lean and fat mass are associated with 

greater BMD decline. Among 955 postmenopausal women who participated in the Chingford 

Study, lower baseline DXA lean and fat mass were related to greater decline in BMD at the spine 

and femoral neck with larger effect sizes for lean mass127. Conversely, in a smaller study 

comprising 276 French women, aged 75 and older, lower baseline DXA fat mass and percentage 

fat, but not lean mass, were associated with accelerated decline in BMD at the trochanter and 

Ward’s triangle, even after adjustment for weight change155. The role of lean and fat mass in the 

relationship between weight change and BMD change was also explored in the Concord Health 

and Ageing in Men Project (CHAMP): among men who lost weight, decreases in fat mass were 

associated with greater hip BMD loss whereas among men who gained weight, increases in lean 

mass were associated with greater increases in hip BMD156. 
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1.5.2.3 Changes in grip strength in relation to changes in BMD  

Among 662 postmenopausal women in the Finnish Osteoporosis Risk Factor and Prevention 

(OSTPRE) study cohort, participants were categorised into three groups (‘decreased’, ‘maintained’ 

and ‘improved’) depending on the change in their age-stratified grip strength quartile from 

baseline to the 10-year follow-up157. Those in the ‘improved’ group experienced reduced BMD 

decline at the lumbar spine and femoral neck BMD compared to those who were not. 

 

1.5.3 Summary of epidemiological literature review 

The epidemiological literature review identified common determinants for greater declines in grip 

strength, gait speed, lean mass and BMD and increases in fat mass, such as older age, poorer diet 

quality and lower physical activity. Both increases and decreases in fat mass and greater declines 

in the remaining parameters have been identified as risk factors for mortality. Literature 

examining interrelationships between changes in parameters was limited, although positive 

correlations between declines in lean mass, fat mass and BMD in relation to declines in grip 

strength and gait speed have been reported. 

Strengths of this literature review include the broad range of musculoskeletal and body 

composition parameters considered and the systematic aspect of the searches that were 

performed. However, weaknesses include the restriction of searches to papers in English, 

potentially missing relevant papers in other languages, and the use of only one reviewer to deem 

articles relevant or not. 

 

1.5.4 Limitations and critique of previous literature 

Many of the articles identified from the literature review have limitations regarding the statistical 

techniques used. For example, of the 206 articles deemed relevant, 139 only used simple 

measures of change such as percentage, absolute or annual change which were based on 

measurements at only two time-points. The change measure was then typically used to describe 

average change at the population level or used as a predictor or outcome in a standard statistical 

modelling technique such as linear regression. Limitations of this approach are that between- 

individual differences in change are ignored as linear regression only models averages; change 
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between the two time-points is assumed to be linear when it could be non-linear; and 

measurement error is not accounted for. Some of the simple change measures were also grouped 

into quartiles before relating them to other variables which results in a loss of information. 

Some publications had measured characteristics at more than two time-points and implemented 

more sophisticated approaches such as linear mixed effects (LME) modelling to characterise 

change. These models can assess change more reliably by using data from all of an individual’s 

observations and incorporating polynomial terms to test for non-linear change; tests of whether 

rates of change differ according to participant characteristics can also be performed. However, 

although LME models allow level and rates of change to differ between individuals, they assume 

an overall mean rate of change for the whole sample, with individual variation around this mean. 

A limitation of this is that different groups of individuals may experience markedly different 

trajectories of change which this method would not account for. 

Some publications identified in the literature also suffered from methodological limitations. For 

example, some publications used simplistic assessments of adiposity such as waist circumference 

or waist-to-hip ratio rather than using more accurate measures from DXA which partition fat, lean 

and bone mass. In addition, no papers identified by the review explored change in muscle 

strength, physical function and body composition (including bone) in a single cohort using three 

or more repeated measures. Therefore, a synthesis of the relationships between change in these 

quantities is only possible by comparison of results from several cohorts, often ascertained at 

different ages and in different countries, which results in less reliable comparisons. 

 

1.6 Aims and objectives 

This PhD will use novel statistical methods to describe trajectories of grip strength, gait speed, 

lean mass, fat mass and BMD using data from 3075 older men and women who participated in the 

Health ABC Study. This cohort was selected as these musculoskeletal and body composition 

parameters were measured at multiple time-points over a 9-year follow-up which enables a 

comprehensive characterisation of change. Baseline determinants and health-related 

consequences of lower levels and greater declines in these characteristics will be explored and 

interrelationships between changes in these characteristics will be examined. This work has the 

potential to inform the development of lifecourse intervention strategies to delay the onset and 

reduce the prevalence of musculoskeletal disorders in later life, such as sarcopenia and 

osteoporosis, and to identify groups of individuals with patterns of decline in muscle strength, 
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function and body composition (including bone) which place them at increased risk of poor health 

outcomes, such as falls, fracture, hospital admission and mortality.  

 

1.7 Summary of thesis content 

The remainder of this document comprises the following: a statistical literature review for articles 

which have analysed change in a quantity over time, along with a description of the techniques 

identified; an outline of the statistical theory for the techniques implemented in this thesis; a 

description of the Health ABC Study; the statistical methods and results for describing changes in 

musculoskeletal and body composition characteristics, investigating determinants of levels and 

changes in these characteristics, examining interrelationships between changes in these 

characteristics and examining levels and changes in these characteristics in relation to risk of 

adverse health outcomes; and a discussion comprising a summary of the main findings, how these 

findings relate to previous literature, the clinical and statistical implications of findings and an 

overview of strengths and weaknesses. 
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Chapter 2 Methods 

2.1 Chapter summary 

This chapter includes the following information: a review of the statistical literature relevant for 

this thesis; an outline of the statistical theory for the techniques implemented in this thesis; an 

introduction to the Health, Aging and Body Composition Study, the cohort used for analysis; and a 

description of the statistical methods that were implemented to address the aims and objectives 

of this thesis. 

 

2.2 Statistical literature review 

The range of statistical techniques applied in articles returned from the epidemiological literature 

search is unlikely to reflect the full range of potentially relevant statistical methods that could be 

useful for this PhD but which may have only previously been applied to other areas of science. To 

address this, a scoping literature search for publications which had used statistical techniques to 

examine change in a quantity over time was conducted using the Scopus database in October 

2017. The advantage of using Scopus as opposed to OVID for this search is that OVID only includes 

articles relating to medical research whereas Scopus includes articles in other scientific fields 

which may also be relevant.   

After the search was conducted by myself, articles deemed relevant based on the title were then 

carried forward and the abstracts of these articles were then screened to identify the relevant 

publications with the full text being examined if a decision could not be made using the abstract 

and title alone. Information on the number of articles returned at different stages of the literature 

review is presented in Table 5. 
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Table 5: Scopus literature search for articles examining change in a quantity over time 

Stage Search terms used 
Articles 

returned 

1 Articles analysing change over time 

TITLE (chang* OR  declin* OR attenuat*  OR  trajector* OR  "loss" OR 

"lost" OR "losing" OR  gain*)  OR  ABS (change* OR  declin* OR attenuat*  

OR  trajector* OR  "loss" OR "lost" OR "losing" OR  gain*)   

9,705,983 

2 Articles with repeated measures (same quantity measured several 

times) 

TITLE ("repeat* measure*"  OR  "repeat* observation*" OR "panel data"  

OR  "longitudinal data")   OR  ABS ("repeat* measure*"  OR  "repeat* 

observation*" OR "panel data"  OR  "longitudinal data") 

89,810 

3 Articles discussing statistical techniques (articles where ‘statistic’ 

appears within five words from the others will be returned) 

TITLE-ABS-KEY ( method* OR model* OR technique* OR strateg* OR tool* 

) W/5 TITLE-ABS-KEY ( statistic* ) 

607,929 

4 Articles relevant to Stages 1, 2 and 3 

( TITLE ( chang*  OR  declin*  OR  attenuat*  OR  trajector*  OR  "loss"  OR  

"lost"  OR  "losing"  OR  gain* )  OR  ABS ( chang*  OR  declin*  OR  

attenuat*  OR  trajector*  OR  "loss"  OR  "lost"  OR  "losing"  OR  gain* ) )  

AND  ( TITLE ( "repeat* measure*"  OR  "repeat* observation*"  OR  

"panel data"  OR  "longitudinal data" )  OR  ABS ( "repeat* measure*"  OR  

"repeat* observation*"  OR  "panel data"  OR  "longitudinal data" ) )  AND  

( TITLE-ABS-KEY ( method*  OR  model*  OR  technique*  OR  strateg*  OR  

tool* )  W/5  TITLE-ABS-KEY ( statistic* ) )  

1,898 

5 Limit to English language and include articles, reviews and articles in 

press (exclude conference papers and books) 

( TITLE ( chang*  OR  declin*  OR  attenuat*  OR  trajector*  OR  "loss"  OR  

"lost"  OR  "losing"  OR  gain* )  OR  ABS ( chang*  OR  declin*  OR  

attenuat*  OR  trajector*  OR  "loss"  OR  "lost"  OR  "losing"  OR  gain* ) )  

1,765 
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Stage Search terms used 
Articles 

returned 

AND  ( TITLE ( "repeat* measure*"  OR  "repeat* observation*"  OR  

"panel data"  OR  "longitudinal data" )  OR  ABS ( "repeat* measure*"  OR  

"repeat* observation*"  OR  "panel data"  OR  "longitudinal data" ) )  AND  

( TITLE-ABS-KEY ( method*  OR  model*  OR  technique*  OR  strateg*  OR  

tool* )  W/5  TITLE-ABS-KEY ( statistic* ) )  AND  ( LIMIT-TO ( DOCTYPE ,  

"ar" )  OR  LIMIT-TO ( DOCTYPE ,  "re" )  OR  LIMIT-TO ( DOCTYPE ,  "ip" ) )  

AND  ( LIMIT-TO ( LANGUAGE ,  "English" ) )  AND  ( LIMIT-TO ( SRCTYPE ,  

"j" ) )   

6 Potentially relevant publications (based on the title and abstract) 183 

7 Relevant publications (based on the title, abstract and full-text if the 

relevance could not be determined by the title and abstract) 

163 

 

2.2.1 Techniques identified from the epidemiological literature review 

The previous epidemiological literature search identified articles which had examined change in 

grip strength, gait speed, lean mass, fat mass and BMD. A total of 206 articles were identified; the 

number of articles that had implemented various statistical techniques is presented in Table 6. 
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Table 6: Number of epidemiological literature review articles implementing various techniques 

Statistical technique Number of articles 

Simple methods 139 

Linear mixed effects (LME) models 49 

Generalised Estimating Equations (GEE) 9 

Latent growth curve (LGC) models 4 

Latent class trajectory (LCT) models 2 

Autoregressive cross-lagged models 3 

Simple methods include deriving percentage, absolute or annual 

change from measurements at two time-points or using a linear 

regression model for the outcome at the second time-point with 

adjustment for the outcome at the first time-point 

 

Linear mixed effects (LME) models were often implemented when the same quantity was 

measured at three or more time-points and were used in 49 of the 206 articles identified by the 

epidemiological literature review. This approach examines a continuous response as a function of 

population level (fixed) effects and individual level (random) effects, allowing intercepts and 

slopes, as well as the effects of predictors, to differ between individuals158. A simplified graphical 

illustration of an LME model is presented in Figure 1. Many publications exploring predictors of 

change included a fixed effect interaction term between the predictor and the time variable to 

determine whether the average rate of change was modified by the predictor. Other approaches 

included fitting an LME model with random intercepts and slopes to model an outcome with the 

time variable as the predictor; extraction of the random slopes produces person-specific 

estimates of the rate of change of the outcome over time159. Examples of extensions included the 

use of linear splines to account for the acceleration in the linear rate of grip strength decline after 

the age of 7573 and the inclusion of a quadratic term for age to reflect the acceleration of bone 

loss in later life121. Nine articles used generalised estimating equations (GEE) which generally 

provide comparable results at the population level to LME models, but information regarding the 

variability between individuals is not provided160. An advantage of LME and GEE models is that 

they both account for the within-individual correlation of repeated measures. LME models can 
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also analyse unbalanced data which contain missing values or repeated measures ascertained at 

different times for different individuals. 

 

Figure 1: Linear mixed effects model with random intercept and slope 

 
The solid line represents the population average trajectory 

Dashed lines represent individual-specific trajectories, each having a different intercept and slope 

 

Only four articles implemented latent growth curve (LGC) models using a structural equation 

modelling framework. These models derive latent factors (random effects), based on factor 

loadings of the original repeated measures, for the intercept and slope, representing the initial 

level and change in the outcome respectively161. For example, the intercept and slope factors for 

grip strength were used to: examine determinants of grip strength level and loss49; examine the 

association between grip strength level and decline in relation to mortality risk162; and to explore 

whether grip strength and reasoning ability were related in terms of their level and rate of 

decline163. Many of the properties of LGC models are similar to those of LME models, such as 

accounting for inter individual differences in growth parameters, and in the case of balanced 

designs, the models can produce identical results. Compared to LME models, LGC models are less 

robust when analysing unbalanced data but may have advantages when analysing more complex 

functions of change164. 

Only two articles implemented latent class trajectory (LCT) models165. This technique identifies 

distinct unobserved groups of individuals with similar trajectories regarding a repeated measure 

and computes the mean growth curve for each group. A graphical illustration of a simple LCT 

model is presented in Figure 2. After the optimal number and shape of the trajectories are 

determined using goodness-of-fit statistics, the groups derived can then be used as predictors or 

outcomes in conventional statistical analyses. For example, one article found that individuals with 

symptomatic knee osteoarthritis (OA) were at increased risk of being in the ‘fast decline’ gait 

speed group82 and another article reported that participants in the ‘fast decline’ gait speed group 

were at the highest risk of mortality77. If a quantity does not exhibit individual variation around a 
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common growth function and has distinct trajectories which differ between groups, LCT models 

are more suitable than LGC and LME models. Limitations of this method are that many repeated 

measures are required for exploration of more complex trajectories, which often results in high 

levels of attrition; and an assumption is made that all individuals within a trajectory group are 

regarded as having the same growth parameters166. 

 

Figure 2: Simple latent class trajectory model 

 
Lines represent mean trajectories for the two groups (different numbers of groups are also possible) 

Individuals are assigned to the group that most closely matches their trajectory 

 

Three articles from the literature review used autoregressive cross-lagged models to investigate 

temporal relationships between measures of cognition and gait speed62 90 167. This approach 

involved examining the association between cognition at time T and gait speed at time T+1 whilst 

accounting for gait speed at time T and vice versa. As well as exploring bidirectional associations, 

autoregressive cross-lagged models can prevent the detection of erroneous cross-lagged 

associations that are actually only due to cross-sectional correlations at earlier time-points168. 

Although these models are useful for examining temporal relationships between variables, they 

are less suitable for exploring the overall mathematical function governing change in a quantity 

over time or understanding changes occurring within an individual168. 

 

2.2.2 Additional techniques identified from the statistical literature review 

The most common techniques identified from the statistical literature review of papers that had 

analysed change in a quantity over time are included in Table 7. Papers using LME models or 

those that derived simple measures of absolute change from two time-points were frequently 

identified in the epidemiological literature review and, therefore, were excluded from the 

statistical literature review. 
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Table 7: Most common techniques used in articles from the statistical literature search 

Statistical technique Number of articles 

Latent growth curve (LGC) models 30 

Growth mixture models (GMM) 17 

Latent class trajectory (LCT) models 13 

Bayesian mixed models 12 

Joint modelling (longitudinal and survival data) 8 

Lagged-response models 8 

Bivariate dual change score models 4 

The numbers above do not contain relevant tutorial articles written for educational 

purposes which often included several of the techniques stated in this table. 

Articles which used LME models or those that derived simple measures of change 

from two time-points also do not feature in this table. 

 

Many of the articles from the statistical literature review used growth mixture models (GMM) to 

uncover population groups with distinct trajectories and to relate membership of these groups to 

various outcomes and predictors169 170. One article in the review used this technique to derive 

childhood BMI trajectory groups in a cohort from South Africa and then explore whether blood 

pressure in late adolescence differed between these groups170. Growth mixture models derive 

separate mean trajectories for distinct groups of individuals and also allow intercepts and slopes 

to vary between individuals in the same group171. A graphical illustration of a simple GMM is 

presented in Figure 3. A latent class trajectory (LCT) model can be understood as a type of growth 

mixture model where the growth parameters for individuals in the same group are identical; 

similarly, an LME model can be understood as a growth mixture model where only one trajectory 

group is specified171. Advantages of growth mixture models are that they offer more flexibility 

than LCT models by allowing parameters to vary within each trajectory group; both these two 

methods allow the identification of unobserved groups with distinct trajectories172. However, 

growth mixture modelling is computationally intensive and groups which are not substantively 

meaningful, but which are statistically distinct from others can be obtained172. 
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Figure 3: Simple growth mixture model 

 
Solid lines represent mean trajectories of the two groups (different numbers of groups are possible) 

Dashed lines represent individual-specific trajectories, each having a different intercept and slope 

Individuals are assigned to the group that most closely matches their trajectory 

 

Several articles explored change over time using Bayesian mixed models173-175. Like other Bayesian 

approaches, these models require the estimation of a posterior distribution from a prior 

distribution which reflects the initial beliefs about the model parameter before any information is 

observed, and a likelihood function, based on the observed data. These articles used Markov 

Chain Monte Carlo (MCMC) methods to iteratively produce samples from a distribution which is 

designed to converge to the posterior distribution. One article used a piecewise Bayesian linear 

mixed model with unknown change points, requiring estimation, to model the grip strength 

trajectory, based on up to 11 repeated measurements, of adults from the Fels Longitudinal 

Study175. This article also illustrated the potential of Bayesian linear mixed models to analyse 

unbalanced data containing uneven observation times and data missing at random; more complex 

extensions to handle data which are not missing at random are also available176. As with ordinary 

LME models, other advantages of Bayesian mixed models include the use of random effects to 

allow effects of predictors to differ between participants and account for the correlations 

between repeated measures relating to the same individual. Similar to the manner in which 

growth mixture models can be used to extend a conventional LME model, some review articles 

used mixture models to extend Bayesian mixed models by estimating distinct mean trajectories 

for groups of participants, characterised using different parameters177 178. However, disadvantages 

of Bayesian modelling in general include a lack of objectivity, due to the requirement to specify a 

prior distribution, and the computationally demanding convergence algorithms used to estimate 

the posterior distribution. 

Some publications used joint models to explore the relationship between longitudinal change in a 

parameter and time to health-related events179 180. These models combine the random effects 
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from LME models and frailty survival models and are estimated in a single process181, rather than 

a two-stage process of extracting random effects from an LME model for subsequent inclusion in 

a survival model. Unlike the two-stage process, joint models can account for the relationship 

between longitudinal change and survival data such as when the chance of dropout depends on 

the longitudinal information (non-random dropout)181. Although joint models can be applied in a 

frequentist (drawing conclusions from sampled data without prior beliefs of model parameters) or 

Bayesian framework, disadvantages include the computational time required for model fitting and 

the lack of software available for implementation181. 

Several papers had implemented lagged-response models, also known as dynamic models, to 

account for autoregressive effects (effects of previous values on current values of a repeatedly 

measured variable) when examining cross-sectional associations182 183. Basic lagged-response 

models examine the association between a predictor and an outcome at time T whilst accounting 

for the outcome at time T-1, to examine whether the predictor has an effect over and above the 

autoregressive effect.  

A limited number of articles from the statistical literature review used bivariate dual change score 

models (BDCSM) to examine associations within and between two aspects of human 

functioning184-186. For example, one article suggested that increased physical activity reduced 

future decline in cognition186 and another reported that better memory reduced subsequent 

increases in functional limitations185; neither study found evidence for effects in the opposite 

directions. These models extend latent growth curve models (simply modelling longitudinal 

change over time in each of the two variables), by incorporating cross-lagged associations 

between the variables. This is achieved by estimating: the mathematical function governing 

change for each variable using latent growth curve models; the effect of each variable at time T 

on its change between T and T+1; and the effect of each variable at time T on change in the other 

variable between T and T+1186. BDCSM can also be extended to include additional parameters 

reflecting the association between prior changes in each variable in relation to subsequent 

changes in both the same variable and the other variable187. For example, one publication used an 

extended BDCSM and found that improvements in self-esteem were associated with subsequent 

increases in relationship satisfaction among participants of the Panel Analysis of Intimate 

Relationships and Family Dynamics Study188. Although bivariate dual change score models allow 

complex hypotheses about interrelationships between variables over time to be tested, 

disadvantages include potentially difficult interpretations of model parameters and the treatment 

of cross-lagged effects as fixed and, therefore, equal for all individuals184. 
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2.2.3 Techniques identified by the literature searches that will be implemented in this 

thesis 

In this thesis, LME models are used to describe mean trajectories of characteristics over time and 

to obtain measures of change by the extraction of estimated random slopes. As stated in Section 

2.2.1, these models are highly suitable for this as they account for the within-individual 

correlation of repeated measures, accommodate unbalanced data containing missing values or 

repeated measures ascertained at different times for different individuals, and use all of an 

individual’s repeated measures. However, these models only assume individuals vary in level and 

change around a single population-average trajectory. Therefore, to examine whether there are 

groups of participants with markedly different mean trajectories, GMM and LCT models were 

applied which allow these group-specific mean trajectories to be estimated. A summary of the key 

properties of statistical techniques used in this document to describe trajectories of 

musculoskeletal and body composition parameters is presented in Table 8. 

To examine temporal associations between changes in characteristics, extended BDCSM were 

implemented. As discussed in Section 2.2.2, these models examine prior changes in one variable 

in relation to subsequent changes in the other variable whilst accounting for effects of prior 

changes in the same variable and prior levels of both variables. Therefore, these models are 

suitable for addressing a key aim of this thesis: investigating interrelationships between changes 

in musculoskeletal and body composition characteristics.
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Table 8: Aspects of statistical techniques used in this document to describe trajectories 

Aspect Linear mixed effects (LME) 
model  

Latent class trajectory 
(LCT) model 

Growth mixture model 
(GMM) 

Purpose To estimate the population 
average trajectory and 
parameters which reflect 
individual differences in level 
and change from this average 
trajectory 

To identify groups of individuals with similar 
trajectories and estimate average trajectories for each 
group 

 

Useful output 
from model 

Plot of the population average 
trajectory over time 

Individual-specific parameters 
reflecting level and change in 
the modelled characteristic 
can be used in further analyses 

Plot of the average trajectory of each group over time 

Derived groups of individuals can be used as 
predictors and outcomes in further analyses 

Relationships 
between models 

LME models are GMM with 
only one group 

LCT models are GMM 
with the constraint that 
individuals within the 
same group are assumed 
to have the same 
trajectories 

GMM are extended LME 
models with different 
average trajectories for 
each group 

GMM are extensions of LCT 
models which allow 
different trajectories for 
individuals within the same 
group 

Advantages Straightforward to obtain 
measures of level and change 
for each individual if the mean 
trajectory over time is linear 

Suitable for analysing change in a quantity over time 
that has distinct mean trajectories for different groups 
of participants 

Easier to fit and 
interpret than GMM 

More flexible and make less 
assumptions than LME and 
LCT models 

Disadvantages Difficult to obtain measures of 
change for non-linear 
trajectories 

Only assumes a single average 
trajectory for the whole 
population and does not allow 
groups in the population to 
have markedly different 
average trajectories 

Selecting the optimal number of groups and shapes of 
trajectories can be difficult 

Derived groups may be statistically distinct but not 
substantively meaningful within the scientific area 

Individuals within each 
group are assumed to 
have the same trajectory 

Computationally intensive 
and algorithms to estimate 
parameters may not 
converge 
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Of the techniques stated in Table 6 and Table 7, GEE, LGC and lagged-response (dynamic) models 

were not implemented. GEE and LGC models are similar to LME models but have additional 

limitations such as the lack of information on variability between individuals (GEE) and less 

robustness for analysis of unbalanced designs (LGC). Lagged-response models are less relevant for 

this thesis as they are primarily used if it is essential to control for the previous value of the 

outcome when examining cross-sectional associations or if the autoregressive effect itself is of 

particular interest; this is not the aim for this thesis. Joint models to explore the relationship 

between longitudinal change and time to health-related events were not implemented. This is 

because an objective of this thesis is to examine the separate effects of level and change in 

parameters on risk of adverse outcomes and joint models which combine the derivation of 

change and estimation of the impact of change on risk of adverse outcomes in a single process 

would result in difficulty separating these effects. Bayesian hierarchical models were not 

implemented as the choice of an uninformative prior along with the large amount of data 

available to compute the likelihood function is likely to result in very similar estimates compared 

to frequentist equivalents of these techniques. 

 

2.3 Statistical theory 

This subsection outlines the theory for the following statistical techniques that are used in this 

thesis: generalised additive models for location, scale, and shape (GAMLSS); linear mixed effects 

(LME) modelling; latent class trajectory (LCT) modelling; growth mixture modelling (GMM); and 

bivariate dual change score models (BDCSM). Although GAMLSS were not identified in the 

literature reviews, they were used to derive age-related centile curves and standardised scores (z-

scores) for musculoskeletal and body composition measures in the Health ABC Study. Centile 

curves provide a graphical illustration of the levels of the musculoskeletal and body composition 

parameters according to age. Examining changes in z-scores of a characteristic enables change in 

the age-adjusted ranking of participants’ values of the characteristic over time to be explored. 

Accounting for age in the derivation of z-scores also results in linear changes in the mean z-scores 

for each characteristic over time which are straightforward to analyse. The other techniques were 

used to describe changes in musculoskeletal and body composition measures according to age. 

For all analysis techniques used to describe changes in these characteristics, sex-stratified 

analyses were conducted unless otherwise indicated. Material in this section is based on the 

following key resources: Stasinopoulos MD, Rigby RA, Heller GZ, et al. Flexible Regression and 

Smoothing: Using GAMLSS in R. Chapman and Hall/CRC 2017189; Nagin DS. Group-based modeling 
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of development. Harvard University Press 2005190; and Proust-Lima C, Philipps V, Liquet B. 

Estimation of Extended Mixed Models Using Latent Classes and Latent Processes: The R Package 

lcmm. J Stat Softw 2017;78(2)191. 

 

2.3.1 Generalised additive models for location, scale and shape 

2.3.1.1 Background and definitions 

Generalised additive models extend generalised linear models by using smooth functions to relate 

predictor variables to the location (mean) and scale (variance) parameters of the outcome 

variable as shown in Equation 1. 

 

Equation 1: Generalised additive model for a single predictor and outcome variable 

𝒚𝒚~𝝐𝝐(𝝁𝝁,𝚽𝚽) 

𝒈𝒈𝟏𝟏(𝝁𝝁) = 𝜷𝜷𝟏𝟏 + 𝜷𝜷𝟐𝟐𝒙𝒙 + 𝒇𝒇𝟏𝟏(𝒙𝒙) 

𝒈𝒈𝟐𝟐(𝜱𝜱) = 𝜷𝜷𝟑𝟑 + 𝜷𝜷𝟒𝟒𝒙𝒙 + 𝒇𝒇𝟐𝟐(𝒙𝒙) 

 𝒚𝒚: 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜;   𝒙𝒙: 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 

 𝝐𝝐(𝛍𝛍,𝜱𝜱): 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝝁𝝁 𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝚽𝚽 

𝒇𝒇𝟏𝟏(. ),𝒇𝒇𝟐𝟐(. ): 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣  

𝒈𝒈𝟏𝟏(. ),𝒈𝒈𝟐𝟐(. ): 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

 

In the context of this thesis, the outcome variable is a musculoskeletal or body composition 

parameter such as grip strength and the predictor variable is the age at which this parameter was 

measured.  Unlike generalised linear models, generalised additive models allow the relationship 

between a predictor and the scale (variance) parameter to be explored and the smooth functions 

ensure that the relationships between predictors and distributional parameters are not limited to 

a strict linear or non-linear relationship. 

Generalised additive models for location, scale and shape (GAMLSS) offer even more flexibility 

than ordinary generalised additive models by also allowing the shape (skewness and kurtosis) 

parameters to be modelled in relation to predictor variables as shown in Equation 2. 
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Equation 2: Generalised additive model for location, scale and shape 

𝒚𝒚~𝑫𝑫(𝝁𝝁,𝚽𝚽, 𝛎𝛎, 𝛕𝛕) 

𝒈𝒈𝟏𝟏(𝝁𝝁) = 𝜷𝜷𝟎𝟎 + 𝜷𝜷𝟏𝟏𝒙𝒙 + 𝒇𝒇𝟏𝟏(𝐱𝐱) 

𝒈𝒈𝟐𝟐(𝚽𝚽) = 𝜷𝜷𝟐𝟐 + 𝜷𝜷𝟑𝟑𝒙𝒙 + 𝒇𝒇𝟐𝟐(𝐱𝐱) 

𝒈𝒈𝟑𝟑(𝛎𝛎) = 𝜷𝜷𝟒𝟒 + 𝜷𝜷𝟓𝟓𝒙𝒙 + 𝒇𝒇𝟑𝟑(𝐱𝐱) 

𝒈𝒈𝟒𝟒(𝛕𝛕) = 𝜷𝜷𝟔𝟔 + 𝜷𝜷𝟕𝟕𝒙𝒙 + 𝒇𝒇𝟒𝟒(𝐱𝐱) 

𝒚𝒚: 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜;   𝒙𝒙: 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 

 𝐷𝐷(𝝁𝝁,𝚽𝚽, 𝛎𝛎, 𝛕𝛕):𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝝁𝝁), 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝚽𝚽), 𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝛎𝛎, 𝛕𝛕) 

𝒇𝒇𝟏𝟏(. ), . . , 𝒇𝒇𝟒𝟒(. ): 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣  

𝒈𝒈𝟏𝟏(. ), … ,𝒈𝒈𝟒𝟒(. ): 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 

 

The models listed in Equation 1 and Equation 2 can be extended by including linear terms and 

functions of other predictor variables. Random effects can be incorporated which can allow the 

intercept, linear effect of predictors and even the shape of the smoothing curves to differ 

between clusters of observations, for example, grip strength values from different individuals.  

 

2.3.1.2 Parameter estimation 

GAMLSS parameters are obtained using maximised penalised likelihood estimation, a type of 

maximum likelihood estimation where a penalty, based on the number of parameters in the 

model, is applied. The Rigby and Stasinopoulos (RS) algorithm can be used to maximise the 

penalised likelihood over each distributional parameter in turn whereas the Cole and Green (CG) 

algorithm uses information from the first, second and cross derivatives of the log-likelihood 

function with respect to each parameter to update the parameters simultaneously189. Although 

the RS algorithm may converge prematurely and run slowly for highly correlated parameters, the 

RS algorithm is normally faster and more stable so it is used in this thesis189.  

 

2.3.1.3 Checking model assumptions 

Model checking is performed using the normalised (randomised) quantile residuals which have a 

standard normal distribution if the model is correct, regardless of the outcome variable 

distribution192. These residuals are defined in Equation 3. 
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Equation 3: Normalised (randomised) quantile residuals 

𝑢𝑢�𝑖𝑖 = 𝐹𝐹(𝑦𝑦𝑖𝑖) 

𝑟̂𝑟𝑖𝑖 = Φ−1(𝑢𝑢�𝑖𝑖) =  Φ−1(𝐹𝐹(𝑦𝑦𝑖𝑖)) 

𝐹𝐹(. ): 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 

 Φ−1(. ): 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 

𝑟̂𝑟𝑖𝑖:𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 (𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

 

From the probability integral transform193, it follows that 𝑢𝑢�𝑖𝑖 and 𝑟̂𝑟𝑖𝑖 have standard uniform and 

normal distributions respectively if the model has the correct distribution for the outcome 

variable. Like ordinary linear models, Q-Q plots of the residuals and graphs of the residuals against 

the fitted values can be used to assess distributional assumptions. For GAMLSS, worm plots and 

Q-statistics are commonly used to assess whether the residuals are normally distributed within 

different ranges of the predictor variable.   

 

2.3.1.4 Estimation of centile curves 

Centile curves typically show how the distribution of an outcome changes according to age. The 

Box-Cox Cole and Green method to derive centile curves, more commonly known as the LMS 

method, assumes that the relationship between age and the outcome has a Box-Cox Cole and 

Green (BCCG) distribution and can be modelled using the following three parameters: Box-Cox 

power transformation to represent skewness (L); median (M); and coefficient of variation (S)194. 

The kurtosis of an outcome variable can be accounted for using the Box-Cox power exponential 

(BCPE) or the Box-Cox t (BCT) distribution195 which includes a parameter for kurtosis along with 

the previous three parameters. 

Suppose Y>0 is defined according to the random variable Z in Equation 4.
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Equation 4: Transformations for Box-Cox distributions (Cole and Green, power exponential and 

t) 

𝑍𝑍 =
1
𝜎𝜎𝜎𝜎

��
𝑌𝑌
𝜇𝜇
�
𝑣𝑣
− 1�      𝑖𝑖𝑖𝑖 𝑣𝑣 ≠ 0 

𝑍𝑍 =
1
𝜎𝜎

log �
𝑌𝑌
𝜇𝜇
�      𝑖𝑖𝑖𝑖 𝑣𝑣 = 0 

 𝜇𝜇 > 0,𝜎𝜎 > 0 𝑎𝑎𝑎𝑎𝑎𝑎 −∞ < 𝑣𝑣 < ∞     

𝜇𝜇:𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚;  𝜎𝜎: 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣;  𝑣𝑣: 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠   

 

Then 𝑌𝑌~𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 if 𝑍𝑍 has a truncated standard normal distribution; 𝑌𝑌~𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 if 𝑍𝑍 has a truncated 

power exponential distribution; and 𝑌𝑌~𝐵𝐵𝐵𝐵𝐵𝐵 if 𝑍𝑍 has a truncated t-distribution.  

The formulation of a GAMLSS for centile estimation is stated in Equation 5. 

 

Equation 5: Formulation of a GAMLSS for centile estimation 

𝒚𝒚~𝑫𝑫(𝝁𝝁,𝚽𝚽, 𝛎𝛎, 𝛕𝛕) 

𝒈𝒈𝟏𝟏(𝝁𝝁) = 𝜷𝜷𝟎𝟎 + 𝜷𝜷𝟏𝟏𝒂𝒂𝒂𝒂𝒂𝒂𝜺𝜺𝟏𝟏 + 𝒇𝒇𝟏𝟏(𝒂𝒂𝒂𝒂𝒂𝒂𝜺𝜺𝟐𝟐) 

𝒈𝒈𝟐𝟐(𝚽𝚽) = 𝜷𝜷𝟐𝟐 + 𝜷𝜷𝟑𝟑𝒂𝒂𝒂𝒂𝒂𝒂𝜺𝜺𝟑𝟑 + 𝒇𝒇𝟐𝟐(𝒂𝒂𝒂𝒂𝒂𝒂𝜺𝜺𝟒𝟒) 

𝒈𝒈𝟑𝟑(𝛎𝛎) = 𝜷𝜷𝟒𝟒 + 𝜷𝜷𝟓𝟓𝒂𝒂𝒂𝒂𝒂𝒂𝜺𝜺𝟓𝟓 + 𝒇𝒇𝟑𝟑(𝒂𝒂𝒂𝒂𝒂𝒂𝜺𝜺𝟔𝟔) 

𝒈𝒈𝟒𝟒(𝛕𝛕) = 𝜷𝜷𝟔𝟔 + 𝜷𝜷𝟕𝟕𝒂𝒂𝒂𝒂𝒂𝒂𝜺𝜺𝟕𝟕 + 𝒇𝒇𝟒𝟒(𝒂𝒂𝒂𝒂𝒂𝒂𝜺𝜺𝟖𝟖) 

𝒚𝒚: 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜;   𝒂𝒂𝒂𝒂𝒂𝒂:𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑡𝑡𝑡𝑡 𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

 𝐷𝐷(𝝁𝝁,𝚽𝚽, 𝛎𝛎, 𝛕𝛕):𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝝁𝝁), 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝚽𝚽), 𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝛎𝛎, 𝛕𝛕) 

𝝉𝝉 𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝒚𝒚~𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 

𝜺𝜺𝟏𝟏, … , 𝜺𝜺8: 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎𝑎𝑎 

𝒇𝒇𝟏𝟏(. ), … , 𝒇𝒇𝟒𝟒(. ): 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣  

𝒈𝒈𝟏𝟏(. ), … ,𝒈𝒈𝟒𝟒(. ): 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 

 

Models for centile estimation were implemented in R, a programming language and software for 

statistics, using the lms() function from the GAMLSS package. This function ascertains the 

following: exponent parameter for age; outcome variable distribution; and suitable degrees of 

freedom for smoothing parameters. The exponent parameter, which minimises the generalised 

Akaike information criterion (GAIC), is estimated for a model assuming a normally distributed 

outcome with constant variance. Maximum likelihood estimation is then used to estimate the 

optimal degrees of freedom for the smoothing parameter for the following outcome variable 
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distributions: BCCG, BCPE and BCT. The distribution with the smallest GAIC is selected. GAIC is 

based on the likelihood of the model, reflecting how well the model fits the data, along with a 

penalty (k) to penalise models with higher degrees of freedom which may be indicative of 

overfitting. As a maximum of only four degrees of freedom are permitted for each smoothing 

parameter in this algorithm, there was no need to increase this penalty to avoid overly 

complicated models. Therefore, the default penalty of k=2 was used. 

Non-parametric penalised B-splines were used for smoothing which offer greater flexibility 

compared to parametric techniques. This method uses piecewise polynomials of order 3 for its 

basis with 20 equally spaced knots over the range of the predictor variable (age). For the 

derivation of centile curves, calibration, a default option of the lms() function was used. This shifts 

the centile curves to ensure that the actual proportion of individuals with values of the 

musculoskeletal or body composition characteristic below each centile cut-point is as expected. 

 

2.3.2 Linear mixed effects models 

2.3.2.1 Background and definitions 

LME models are used for analysing clustered data with a hierarchical structure. This can occur 

when observations are sampled within different areas, for example, children may be recruited 

from different schools or countries, or, as in this thesis, when measurements relating to the same 

individual are repeated over time. These models are suitable for analysing change in an outcome 

which can be captured by a single average trajectory at the population level with between-

individual variation in the initial level and magnitude of change but not in the direction of 

change166. Examples of such phenomenon would be adolescent growth or muscle strength decline 

in older age. Observations within the same unit are correlated and not independent. To address 

this, LME models extend ordinary linear models by incorporating cluster-specific random effects 

along with the population-level fixed effects, allowing intercepts and slopes, as well as the effects 

of predictors, to vary between clusters. LME models with only one level of clustering can also 

partition the total variance in the outcome into within-cluster and between-cluster variation to 

assess which source of variation is greatest. 

In the context of this thesis, an LME model with a random intercept and slope for the analysis of 

repeated observations of an outcome such as grip strength according to a predictor variable such 

as age can be defined according to Equation 6.
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Equation 6: Simple linear mixed effects model with a random intercept and slope 

𝑦𝑦𝑖𝑖𝑖𝑖 = (𝛽𝛽0 + 𝛽𝛽0𝑖𝑖) +  (𝛽𝛽1 + 𝛽𝛽1𝑖𝑖)𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖   
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𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖:𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑖𝑖𝑡𝑡ℎ 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎 𝑡𝑡ℎ𝑒𝑒 𝑗𝑗𝑡𝑡ℎ  𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 

𝜀𝜀𝑖𝑖𝑖𝑖: 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜-𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑒𝑒 𝑖𝑖𝑡𝑡ℎ 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎 𝑡𝑡ℎ𝑒𝑒 𝑗𝑗𝑡𝑡ℎ  𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 

(𝛽𝛽0 + 𝛽𝛽0𝑖𝑖): 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖;  𝛽𝛽0:𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝-𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖;  𝛽𝛽0𝑖𝑖:𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝-𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  

(𝛽𝛽1 + 𝛽𝛽1𝑖𝑖): 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠;  𝛽𝛽1:𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝-𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠;  𝛽𝛽1𝑖𝑖:𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝-𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

 

Although Equation 6 only includes age as a linear effect, fixed effects and random effects for 

polynomial functions of age can also be specified. For this thesis, quadratic and cubic terms for 

age were used if significant for fixed effects but not as random effects as this resulted in 

convergence problems. The covariance matrix for the random effects is described as 

‘unstructured’, meaning that variances and covariances are uniquely estimated. The following 

covariance matrices can also be specified which make stronger assumptions: independent (zero 

covariances); exchangeable (equal variances and identical non-zero pairwise covariances); and 

identity (equal variances and zero covariances). Unstructured covariance matrices will be used in 

this thesis as the other matrices rely on assumptions which are often unrealistic. A simplified 

graphical illustration of an LME model is presented in Figure 4. 

 

 

 
The solid line represents the population average trajectory with intercept 𝛽𝛽0 and slope 𝛽𝛽1.  

Dashed lines represent individual-specific trajectories with intercept (𝛽𝛽0 + 𝛽𝛽0𝑖𝑖) and slope (𝛽𝛽1 + 𝛽𝛽1𝑖𝑖) 

 

Figure 4: Linear mixed effects model with random intercept and slope 
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2.3.2.2 Parameter estimation 

Parameters in LME models are usually estimated using standard maximum likelihood estimation 

or restricted maximum likelihood estimation. In general, maximum likelihood estimation involves 

determining the parameters of a statistical model that results in the highest probability of 

obtaining the observed data. However, the standard method estimates the variances of the 

random effects under the assumption that the fixed effects are correct, whereas the restricted 

method estimates the random effect from a function which is absent of any fixed effect 

parameters196. Although the standard method results in biased random effect estimates, this bias 

is small when the number of observations is large. A limitation of the restricted method is that it 

cannot be used to reliably compare models with different fixed effects197. Therefore, standard 

maximum likelihood estimation was used in this thesis. 

 

2.3.2.3 Checking model assumptions 

Like other statistical techniques, LME models rely on assumptions which should be checked 

through the use of diagnostic tests. These assumptions are identical to those of ordinary linear 

models: linear relationship between the predictors and outcome and that residuals are 

independent and normally distributed with constant variance. However, for LME models, these 

residual assumptions apply to the marginal (𝑦𝑦𝑖𝑖𝑖𝑖 − (𝛽̂𝛽0 + 𝛽̂𝛽1𝑎𝑎𝑎𝑎𝑒𝑒𝑖𝑖𝑖𝑖)) and conditional (𝑦𝑦𝑖𝑖𝑖𝑖 − ((𝛽̂𝛽0 +

𝛽̂𝛽0𝑖𝑖) +  (𝛽̂𝛽1 + 𝛽̂𝛽1𝑖𝑖)𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖)) residuals. Plots of the marginal residuals against the marginal 

predictions (𝛽̂𝛽0 + 𝛽̂𝛽1𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖) and of the conditional residuals against the conditional predictions 

((𝛽̂𝛽0 + 𝛽̂𝛽0𝑖𝑖) +  (𝛽̂𝛽1 + 𝛽̂𝛽1𝑖𝑖)𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖) can be used to assess model fit. Under the assumption of 

constant variance, the residuals should appear randomly scattered around the x-axis. Normality of 

the marginal and conditional residuals can be assessed using Q-Q plots. 

 

2.3.3 Latent class trajectory models 

2.3.3.1 Background and definitions 

LCT models are used to identify unobserved groups of individuals with similar trajectories of 

change and to estimate distinct average trajectories for each of these groups. For example, 

changes in depression levels can vary between individuals in both magnitude and direction, with 

some individuals having consistently low or consistently high levels of depression and others 

having depression levels which fluctuate over time198. In this example, it would be more suitable 
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to use a LCT model to estimate the average trajectories of each group and probabilistically assign 

participants to each group, rather than describing change at the population level as a single 

average trajectory using an LME model. 

A LCT model for an outcome variable such as grip strength with age as the only predictor variable 

can be defined using Equation 7. 

 

Equation 7: Simple latent class trajectory model 

𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖 = 𝛽𝛽0𝑘𝑘 + 𝛽𝛽1𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖  
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𝛽𝛽0𝑘𝑘:𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔-𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖;  𝛽𝛽1𝑘𝑘:𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔-𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

 

Although a distinct intercept and slope is estimated for each group, there is no variation in these 

factors within groups, meaning that the expected trajectory for individuals in the same group is 

identical. A graphical illustration of a simple LCT model is presented in Figure 5. 

 

Figure 5: Simple latent class trajectory model 

 
Lines represent mean trajectories for the two groups (different numbers of groups are also possible) 

Individuals are assigned to the group that most closely matches their trajectory 

 

2.3.3.2 Parameter estimation 

Parameters for LCT models are estimated using maximum likelihood estimation where the form of 

the likelihood function is as shown in Equation 8. 
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Equation 8: Likelihood function form for a latent class trajectory model 

𝐿𝐿 = �𝐿𝐿(𝑌𝑌𝑖𝑖) = ���𝜋𝜋𝑘𝑘𝑙𝑙𝑘𝑘(𝑌𝑌𝑖𝑖)
𝐾𝐾

𝑘𝑘=1

� 
𝑁𝑁

𝑖𝑖=1

 
𝑁𝑁

𝑖𝑖=1

 

𝐿𝐿: 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  

𝐿𝐿(𝑌𝑌𝑖𝑖): 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑒𝑒 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑌𝑌 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑒𝑒 𝑖𝑖𝑡𝑡ℎ 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖 = {1, 2, … ,𝑁𝑁} 

𝜋𝜋𝑘𝑘: 𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑎𝑎𝑎𝑎 𝑎𝑎 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑡𝑡𝑡𝑡 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑘𝑘 

𝑙𝑙𝑘𝑘(𝑌𝑌𝑖𝑖): 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑒𝑒 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑌𝑌 𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑒𝑒 𝑖𝑖𝑡𝑡ℎ 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑘𝑘 

𝑌𝑌𝑖𝑖 = {𝑦𝑦𝑖𝑖1,𝑦𝑦𝑖𝑖2, … ,𝑦𝑦𝑖𝑖𝑖𝑖}: 𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑖𝑖𝑡𝑡ℎ 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑇𝑇 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡-𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  

 

The formula used for the likelihood function depends on the distribution of the repeated measure 

outcome variable. The ‘PRO TRAJ’ and ‘traj’ packages in SPSS and Stata for implementing these 

models allow for the following outcome variable distributions: Bernoulli, censored normal, and 

Poisson. As all musculoskeletal and body composition parameters were normally distributed, a 

censored normal distribution with limits far outside the range of observed values was used as 

recommended199. 

The repeated measures within an individual are assumed to be conditionally independent, given 

membership of a certain group. Therefore, the individual-specific likelihood function is as 

presented in Equation 9. Group membership probabilities can be calculated using Equation 10 

which can be extended to calculate probabilities from time-invariant predictors or as functions of 

predictor variables. 

 

Equation 9: Individual-specific likelihood function for a latent class trajectory model 

𝑙𝑙𝑘𝑘(𝑌𝑌𝑖𝑖) =  �𝑝𝑝𝑘𝑘(𝑦𝑦𝑖𝑖𝑖𝑖)
𝑇𝑇

𝑗𝑗=1

 

𝑙𝑙𝑘𝑘(𝑌𝑌𝑖𝑖): 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑌𝑌𝑖𝑖 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑘𝑘 

𝑝𝑝𝑘𝑘�𝑦𝑦𝑖𝑖𝑖𝑖�:𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑦𝑦𝑖𝑖𝑖𝑖 ,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑘𝑘 

𝑌𝑌𝑖𝑖 = {𝑦𝑦𝑖𝑖1,𝑦𝑦𝑖𝑖2, … ,𝑦𝑦𝑖𝑖𝑖𝑖}: 𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑖𝑖𝑡𝑡ℎ 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑇𝑇 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡-𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
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Equation 10: Calculation of group membership probabilities in latent class trajectory models 

𝜋𝜋𝑘𝑘 =
𝑒𝑒𝜃𝜃𝑘𝑘

∑ 𝑒𝑒𝜃𝜃𝑘𝑘𝐾𝐾
𝑘𝑘=1

 

𝜋𝜋𝑘𝑘: 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑡𝑡ℎ𝑎𝑎𝑎𝑎 𝑎𝑎 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑡𝑡𝑡𝑡 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑘𝑘  

𝜃𝜃𝑘𝑘: 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑡𝑡ℎ𝑎𝑎𝑎𝑎 𝜃𝜃1 = 0  

 

The posterior group membership probability is the chance that an individual belongs to a specific 

group, given their set of repeated measures. Individuals are then allocated to the group with the 

highest posterior group membership probability. After running the LCT model, the posterior group 

membership probability can be calculated, according to Bayes’ Theorem, as shown in Equation 11. 

 

Equation 11: Estimation of posterior group membership probability 

𝑝̂𝑝(𝑘𝑘|𝑌𝑌𝑖𝑖) =
𝜋𝜋𝑘𝑘𝑙𝑙𝑘𝑘(𝑌𝑌𝑖𝑖)

∑ 𝜋𝜋𝑘𝑘𝑙𝑙𝑘𝑘(𝑌𝑌𝑖𝑖)𝐾𝐾
𝑘𝑘=1

 

𝑝̂𝑝(𝑘𝑘|𝑌𝑌𝑖𝑖): 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑡𝑡ℎ𝑎𝑎𝑎𝑎 𝑡𝑡ℎ𝑒𝑒 𝑖𝑖𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑡𝑡𝑡𝑡 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑘𝑘,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚   

𝜋𝜋𝑘𝑘: 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑡𝑡ℎ𝑎𝑎𝑎𝑎 𝑎𝑎 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑐𝑐ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑡𝑡𝑡𝑡 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑘𝑘 

𝑙𝑙𝑘𝑘(𝑌𝑌𝑖𝑖):𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑌𝑌𝑖𝑖,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑖𝑖𝑖𝑖 𝑜𝑜𝑜𝑜 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑘𝑘 

 

2.3.3.3 Determining the optimum model 

Once several LCT models have been fitted, each with varying numbers of groups and degrees for 

the polynomial functions of age, various indices can be used to determine the optimum model. 

The goodness-of-fit index most widely used to differentiate between these types of models is the 

Bayesian Information Criterion (BIC) where smaller values indicate superior fit. The formula for 

this fit index is presented in Equation 12.
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Equation 12: Formula for Bayesian Information Criterion 

𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑝𝑝 𝑙𝑙𝑙𝑙(𝑛𝑛)− 2 𝑙𝑙𝑙𝑙(𝐿𝐿�)   

𝐿𝐿�:𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝐿𝐿𝐿𝐿𝐿𝐿 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 

𝑝𝑝:𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

𝑛𝑛: 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 

 

Selection of models solely on the basis of goodness-of-fit indices is not recommended. Instead, 

researchers are recommended to use their knowledge of the scientific field, along with statistical 

measures of model fit, to determine the optimum model to address the question of interest190. 

For example, trajectories of decline in physical function and body composition among the very old 

are likely to be monotonic and have few change points. Therefore, for this thesis, the order of the 

polynomial age terms and the number of groups were constrained to 3 and 4 respectively. 

Furthermore, models were only considered if the highest order polynomial for each group was 

significant, as recommended in previous literature166. For each characteristic, the sex-specific 

model with the lowest BIC was selected as the optimal model. 

If a secondary analysis requires the use of the derived groups as categorical variables, constraints 

on the minimum number of participants assigned to each group can be imposed, although this 

was not required for this thesis as no sparse groups (<5% of observations) were identified in 

models without constraints. Additional criteria which are indicative of models with a high 

goodness-of-fit include200:  

• mean posterior group membership probabilities exceeding 0.7; 

• odds of correct classification, derived from posterior group membership probabilities, 

exceeding 5; 

• a high level of agreement between the proportion allocated to each group and the 

estimated group membership probabilities; and  

• narrow confidence intervals corresponding to estimated probabilities of group 

membership. 

All LCT models used in this thesis satisfied the goodness-of-fit criteria stated above. 
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2.3.4 Growth mixture models 

2.3.4.1 Background and definitions 

GMM extend LCT models by incorporating random effects for intercepts and slopes which can 

vary within groups, rather than assuming no variation in trajectories among individuals of the 

same group. Alternatively, GMM can be viewed as extensions of linear mixed models where fixed 

effects and the random effect distributions can very between the unobserved groups which are 

estimated, instead of only having between-individual variation around a single population-

average trajectory. These models have been widely used to examine trajectories of psychological 

characteristics201 and health behaviours202 203 as both levels and changes in these characteristics 

can vary greatly between individuals. The mathematical definition of a simple growth mixture 

model is presented in Equation 13. A graphical illustration of a simple GMM is presented in Figure 

6. 

 

Equation 13: Simple growth mixture model 

𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖 = (𝛽𝛽0𝑘𝑘 + 𝛽𝛽0𝑖𝑖𝑖𝑖) +  (𝛽𝛽1𝑘𝑘 + 𝛽𝛽1𝑖𝑖𝑖𝑖)𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖   
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Figure 6: Simple growth mixture model 

 
Solid lines represent mean trajectories of the two groups (different numbers of groups are possible) 

Dashed lines represent individual-specific trajectories, each having a different intercept and slope 

Individuals are assigned to the group that most closely matches their trajectory 

 

GMM were implemented using the function ‘hlme()’ from the R package ‘lcmm’. Settings and 

restrictions used in this thesis for GMM were similar to those used in the LME and LCT models 

that were implemented: unstructured variance-covariance matrix (common over latent classes); 

limiting the order of polynomial age terms to three for fixed effects and one for random effects; 

limiting the number of groups to four; and only considering models where the highest order age 

term is significant.  

 

2.3.4.2 Parameter estimation 

GMM parameters are estimated iteratively using maximum likelihood estimation via the 

Marquardt algorithm204. The general form of the likelihood function and the equation for 

calculating group membership probabilities are as defined in Equation 8 and Equation 10. 

Similarly, the posterior group membership probability is calculated according to Equation 11. 

However, 𝑙𝑙𝑘𝑘(𝑌𝑌𝑖𝑖), the likelihood function of the outcome variable 𝑌𝑌𝑖𝑖, given membership of group 𝑘𝑘, 

has a multivariate normal distribution (as opposed to a censored normal distribution) with a 

group-specific mean and variance. Other distributions are available for count and binary 

outcomes. 

To check that the likelihood function has converged to the global maximum, the maximisation 

algorithm should be performed several times with different initial values. For this thesis, GMM 

with two or more groups were initialised from 30 random vectors of initial values; initial values 

resulting in the model with the highest likelihood after 15 iterations were used. This process was 

performed in R using the function ‘gridsearch()’ which is based on the Expectation Maximisation 

algorithm. 
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2.3.4.3 Assessing model fit 

As in the case for LME models, marginal and conditional residuals can be derived to assess model 

fit. However, for models with more than one group, residuals are computed from means of the 

fitted values (corresponding to the group-specific marginal or conditional predictions) which are 

weighted according to the posterior group membership probabilities. Similarly to LME models, 

graphical assessments of model fit can then be performed by checking the normality of residuals 

using Q-Q plots and examining plots of the marginal and conditional residuals against the 

corresponding fitted values. 

Similarly to LCT models, posterior group membership probabilities and indices such as the BIC can 

also be used to assess model fit and to choose between possible models with different numbers 

of groups. High mean posterior probabilities for each group (>0.7) and a large proportion of 

participants in each group with high posterior probabilities (>0.8), would suggest that participants 

are generally categorised with a high level of confidence, suggesting a well-fitted model.  

 

2.3.5 Bivariate dual change score models 

2.3.5.1 Background and definitions 

Bivariate dual change score models (BDCSM) combine aspects of latent growth curve models and 

autoregressive cross-lagged models to examine temporal interrelationships between two 

repeatedly measured characteristics over time. These models have been used extensively in 

developmental psychology where establishing the temporal nature and direction of association is 

of primary importance205. Conventional BDCSM enable associations between prior levels and 

subsequent changes in the two characteristics being modelled to be assessed. Extended BDCSM 

also allow examination of prior changes in relation to subsequent changes187 and are 

implemented in this thesis to explore interrelationships between changes in musculoskeletal 

parameters.  

The set-up for applying an extended bivariate dual change score model to variables X and Y is 

presented in Equation 14.
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Equation 14: Set-up for the bivariate dual change score model 
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In this set-up, the observed values for variables X and Y comprise underlying latent true scores 

and residuals. Latent true scores can be decomposed into the latent true scores at the first time-

point (𝑥𝑥𝑖𝑖0 and 𝑦𝑦𝑖𝑖0) and the sum of the previous changes in these scores between the previous 

successive time-points. Successive changes in X and Y can then be modelled using the bivariate 

dual change score model described mathematically in Equation 15. 

 

Equation 15: Extended bivariate dual change score model for variables X and Y 

∆𝑥𝑥𝑖𝑖𝑖𝑖 =  𝑠𝑠𝑥𝑥𝑖𝑖 + 𝛽𝛽𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖−1 + 𝛾𝛾𝑦𝑦𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖−1 + 𝜙𝜙𝑥𝑥∆𝑥𝑥𝑖𝑖𝑖𝑖−1 + 𝜀𝜀𝑥𝑥𝑥𝑥∆𝑦𝑦𝑖𝑖𝑖𝑖−1 

∆𝑦𝑦𝑖𝑖𝑖𝑖 =  𝑠𝑠𝑦𝑦𝑖𝑖 + 𝛽𝛽𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖−1 + 𝛾𝛾𝑥𝑥𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖−1 + 𝜙𝜙𝑦𝑦∆𝑦𝑦𝑖𝑖𝑖𝑖−1 + 𝜀𝜀𝑦𝑦𝑦𝑦∆𝑥𝑥𝑖𝑖𝑖𝑖−1 
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2.3.5.2 Parameter estimation 

Maximum likelihood estimation is normally used for parameter estimation under the assumption 

that the joint distribution of the two variables being modelled is multivariate normal205. 

Conventional standard error estimates of parameters may be impacted by minor violations in this 

assumption; Huber-White robust standard errors can be used in light of this. Full information 

maximum likelihood (FIML) using all available data can be implemented for parameter estimation 

under the assumption that data is either missing at random (conditional on observed data) or 

missing completely at random. Other estimation methods, such as unweighted least squares 

which involves minimising the sum of squared residuals, can also be used. 

Improper solutions, such as non-positive definite covariance matrices of estimated parameters 

and negative variances and convergence problems are not uncommon for these models. Possible 

reasons for this include the high number of parameters that require estimation and the 

requirement to estimate or restrict variance parameters which are close to zero205. Methods to 

address these problems include the selection of different initial values for parameters; the use of 

different estimators; and restriction, rather than free estimation, of certain parameter values. 

 

2.3.5.3 Assessing model fit 

Many goodness-of-fit metrics are available for these models. These metrics may: assess the 

difference between the assumed and observed covariance matrix such as the standardized root 

mean squared error (SRMSE) or root mean squared error of approximation (RMSEA); compare the 

extent to which the model is an improvement on a null model assuming no associations between 

variables such as the comparative fit index (CFI) or Tucker–Lewis index (TLI); or examine deviation 

from a saturated model which fits perfectly such as the chi-square goodness-of-fit test205. 
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2.4 The Health ABC Study 

All analysis in this thesis uses data from the Health, Aging and Body Composition (Health ABC) 

Study. This subsection outlines: the purpose of this study; the methods and criteria for the 

selection of participants for this study; and participant information that was collected. 

2.4.1 Purpose of the study 

The original objectives of the Health ABC Study were to: understand factors influencing body 

composition changes and functional decline in older age among community-dwelling older 

people; investigate interrelationships between these factors; and understand and address 

differences in age-related decline and life expectancy between individuals and between 

ethnicities. It was hypothesised that health conditions and behavioural factors are related to 

declines in function partly due to body composition changes. A further aim was to enable a 

characterisation of multimorbidity according to functional status and health care use206. 

This population-based prospective cohort study was established by the Laboratory of 

Epidemiology and Population Sciences (part of Intramural Research Program (IRP) in the National 

Institute on Aging (NIA)). The study was conducted through research contracts with the 

Coordinating Unit at the University of California, San Francisco and the field centres, University of 

Pittsburgh, and University of Tennessee Health Science Center, Memphis206. 

 

2.4.2 The Health ABC study sample 

The Health ABC study comprises a racially diverse sample of 3075 men and women (aged 70-79 

years at baseline) who were recruited in 1997-1998. A random sample of white people and all 

age-eligible black people, from designated ZIP code areas surrounding Pittsburgh and Memphis, 

who were entitled to Medicare, were recruited. Only individuals who reported no difficulty in 

climbing 10 stairs without resting and no difficulty walking one quarter of a mile were eligible to 

participate. Individuals with the following characteristics were excluded: inability to communicate 

with the interviewer; clear cognitive impairment; having a life-threatening illness207 or difficulties 

with activities of daily living (ADL); having an intention of moving outside the area within three 

years, or currently enrolled in a lifestyle intervention trial. Written, informed consent was 

provided by all participants and the study was approved by the institutional review boards at both 

fieldwork sites208. 
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Clinical assessments on body composition, muscle strength and function were conducted annually 

for six years and at Years 8, 10 and 16. Information on participants’ function and health was 

collected every six months through phone interviews. Adverse health events such as hospital 

admission, deaths, falls, fractures, cardiovascular events, cancers and illness such as dementia and 

diabetes were recorded during follow-up. Key diseases and deaths were recorded and biannual 

phone interviews were conducted until Year 16206. 

 

2.4.3 Baseline participant characteristics 

This subsection outlines the baseline participant characteristics which were used in this thesis, 

normally as adjustments in statistical analyses. At baseline (Year 1), height and weight were 

measured using a Harpenden Stadiometer (Holtain Ltd, Crosswell, UK) and a standard balance 

beam scale respectively. BMI was calculated by dividing weight (kg) by height (m) squared. Height 

and weight were highly correlated (r=0.45, p<0.001 for men; r=0.31, p<0.001 for women); to 

avoid multi-collinearity in models, a sex-specific standardised residual of weight-adjusted-for-

height was derived. 

Sex, race, socioeconomic status (educational attainment and housing tenure), and health 

behaviours such as smoking status, alcohol consumption and physical activity were ascertained by 

nurse-administered questionnaires. Educational attainment was categorised as: ‘below high 

school’ (less than 12 years of schooling or did not finish high school or receive their General 

Educational Development Certificate); ‘high school graduate’; or ‘post-secondary’ (having any 

college education)209. To ascertain housing tenure, participants were asked whether or not they or 

their partner owned a house or apartment and the land immediately surrounding it.  

For physical activity assessment, the time spent performing the following activities over the 

previous 7 days, along with the intensity level, was recorded: paid work, volunteering or 

caregiving activities; aerobics, weight or circuit training, high-intensity exercises, moderate-

intensity exercises; gardening, heavy chores, light housework, grocery shopping, laundry, climbing 

stairs; and walking (for exercise and for other purposes). Time spent on each activity was 

multiplied by the corresponding metabolic equivalent unit (MET) value210 and used to estimate 

energy expenditure in kilocalories per kg of body weight per week (kcal/kg/wk). To calculate total 

physical activity (kcal/wk), these estimates for all activities were summed and then multiplied by 

body weight (kg) as in previously published analyses211 212.  
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For the medication inventory, participants were asked to bring all over-the-counter and 

prescription medicines used in the previous two weeks to their Year 1 clinic visit213. The following 

details were recorded for each medication: drug name; frequency and dose; route of 

administration; and the Iowa Drug Information System ingredient code. It was assumed that the 

10 participants with no recorded medication inventory were not taking any medications. Number 

of systems medicated (out of gastrointestinal, endocrine, respiratory, musculoskeletal, cancers, 

mental health and cardiovascular) was calculated and used as a marker of overall comorbidity.                                               

At Year 2, dietary intake over the previous year was assessed using a nurse-administered food 

frequency questionnaire (FFQ) comprising 108 items. The questionnaire, designed by Block 

Dietary Data Systems (Berkeley, California), was based on food intakes of participants of the third 

National Health and Nutrition Examination Survey who were aged over 65 years and who lived in 

the Northeast and South. To assess the extent to which Health ABC participants’ diets conformed 

to recommendations of the Dietary Guidelines for Americans of 1995 and the Food Guide Pyramid 

of 1992, a healthy eating index (HEI) was calculated for each participant; higher scores reflected 

healthier diets214. More information on the components of this HEI has been published 

previously215. 

Detailed information on anthropometry, body composition, physical and cognitive function, 

muscle strength, and socio-demographic, lifestyle and clinical characteristics was ascertained at 

multiple time-points in the Health ABC Study as illustrated in Table 9. 

.
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Table 9: Time-points at which information was ascertained in the Health ABC Study 

Measure 
Year 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
Grip strength                                 
Walking speed                                 
Whole body DXA                                 
Hip DXA                                 
Height                                 
Weight                                 
Smoking status                                 
Alcohol consumption                                 
Food frequency questionnaire                                 
Self-reported physical activity*                                 
Education                                 
Finances*                                 
Health insurance*                                 
Marital status                                 
2 minute / 400m walk                                 
Balance walks                                 
Standing balance                                 
Chair stands                                 
Quadriceps strength                                 
Digital symbol substitution test                                 
Teng Mini-Mental State exam                                 
Self-reported general health                                 
ADLs/IADLs*                                 
Knee pain                                 
Back pain                                 
Prescribed medications                                 
Non-prescribed medications                                 
Depression                                 
Anxiety                                 
Happiness/social support                                 
Sleep                                 
Arthritis                                 
Cancer                                 
Heart attack/angina                                 
Hypertension                                 
Diabetes                                  
Osteoporosis                                 
Pulmonary conditions                                 
Hospital admissions                                 
Falls                 
Fractures                 
Mortality                                 

                 
ADL: Activities of daily living; IADL: Independent activities of daily living     
*Different questions were asked at different time-points       
Year 1 is the baseline year of first contact       
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2.4.4 Musculoskeletal and body composition characteristics 

Customary gait speed in metres per second (m/s) was ascertained at Years 2-6, 8, 10 and 16 by 

asking participants to walk at their normal speed down a 20m corridor. The use of assistive 

devices such as walking sticks was permitted77. 

Grip strength was measured two times for each hand at Years 1, 2, 4, 6, 8, 10 and 16 using a 

Jamar handgrip dynamometer (JAMAR Technologies, Inc., Hatfield, PA)216. Maximum grip strength 

at each year was calculated and used for all subsequent analyses.  If participants had experienced 

upper limb surgery such as arthroplasty, tendon repair or synovectomy in the past three months, 

their grip strength on the corresponding hand was not assessed.  

Whole body dual-energy X-ray absorptiometry scans (Hologic QDR 4500A; Hologic, Bedford, MA) 

were performed at Years 1-6, 8 and 10 and used to ascertain whole body fat mass96. Appendicular 

lean mass was calculated by summing lean mass of the arms and legs. Total hip BMD and femoral 

neck BMD was measured using the same device at Years 1, 3, 5, 8 and 10. 

Relatively few participants had data available at Year 16 so this time-point was not used for 

analyses in this thesis. 

 

2.4.5 Adverse health outcomes 

Deaths from baseline until 30th September 2014 were determined from death certificates, 

hospital records and interviews with next of kin217. All deaths and their causes were adjudicated 

by a central committee. Participants were requested to report any hospital admissions during 

follow-up and were asked specific questions about their previous admissions every 6 months218. 

Medical records for each reported admission were collected containing information on admission 

and discharge dates and the main reason for admission. Information on diagnoses and length of 

stay were checked by local review. Previous fractures were ascertained by self-report every six 

months and confirmed by radiology reports. For this thesis, fracture events were limited to 

fragility fractures, defined as 'spontaneous or with modest trauma, such as a fall from a standing 

height' 219. Adjudication for admissions and fractures was complete until 14th August 2012; events 

occurring after this date were not used for analysis in this thesis. At every year of follow-up, up to 

and including Year 14, participants were asked if they had fallen over and landed on the floor or 

the ground during the last 12 months. 
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2.5 Data checking and validation 

 All Health ABC data used in this thesis were checked by myself to ensure that unfeasible values 

were removed prior to analyses. For variables ascertained at only one time-point, this involved 

using: histograms to identify extreme values; scatterplots to check relationships between 

variables which were expected to be related, such as height and weight; and cross-tabulations to 

check logical consistency, for example, that no cigarettes were smoked by non-smokers. Sections 

2.5.1 - 2.5.3 describe the more complex data cleaning procedures that were conducted for 

variables measured at multiple time-points. Relative to the size of the dataset and the number of 

repeated measurements available, only a tiny proportion of values for each variable (<1%) were 

set to missing. 

 

2.5.1 Grip strength 

At Years 1 and 2, pain or arthritis that had recently become worse was an exclusion criterion, 

whereas at Years 4, 6, 8 and 10, participants with pain or arthritis had their grip strength assessed, 

provided that they were willing. To ensure consistency with Years 1 and 2, grip strength values 

recorded in later years from participants who said that pain or arthritis would prevent them from 

squeezing as hard as they could were set to missing. 

At each time-point, grip strength was assessed two times for each hand. Scatterplots were used to 

visually assess the agreement between the four values at each assessment; extreme outliers that 

were unfeasible based on visual inspection, when compared to the other grip strength values of 

the participant, were set to missing so they would not feature in any analysis. Maximum grip 

strength at each assessment was then calculated and used for all subsequent analyses. 

 

2.5.2 Body composition measurements from DXA scans 

Checks were performed to ensure that BMD was correctly calculated and that body composition 

components, such as total mass, fat mass, lean mass and BMC, were correlated in the expected 

manner. Appendicular lean mass (ALM) was calculated from the lean mass variables for the arms 

and legs; missing values for a person’s limb were replaced with non-missing values for the other 

corresponding limb if available. At each age, separate scatterplots for the ALM and fat mass 

parameters, relating to different compartments of the body, were examined; unfeasible values, 

based on visual inspection, were set to missing.  
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2.5.3 Other longitudinal data cleaning 

Repeated measures of the following characteristics were checked by separately plotting the 

longitudinal trajectories for every individual: 

• Height 

• Weight 

• BMI 

• Grip strength 

• Gait speed 

• Whole body fat mass 

• Appendicular lean mass (ALM) 

• Total hip BMD 

Extreme values which were unlikely, when taking into account other values in the individual’s 

trajectory, were set to missing. In uncertain situations, a consensus decision was reached 

between myself and one of my PhD supervisors regarding whether to retain a data value. 

 

2.6 Statistical methods 

2.6.1 Subsection summary 

Section 2.6 outlines the statistical analyses conducted for this thesis, categorised according to the 

following types of analyses: describing longitudinal changes in musculoskeletal and body 

composition characteristics; examining baseline determinants of level and change in these 

characteristics; examining interrelationships between changes in these characteristics; and 

examining level and change in these characteristics in relation to risk of adverse health outcomes. 

Further details of the statistical theory are provided in Section 2.3.  

Unless otherwise indicated, all analyses described in Section 2.6 were stratified by sex, based on 

all available data to maximise the sample size and conducted using Stata, release 15 (StataCorp, 

College Station, TX, USA). 
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2.6.2 Longitudinal changes in characteristics 

2.6.2.1 Derivation of change measures 

Simple measures of annual change (absolute and percentage) from baseline to Year 10 were 

derived for characteristics (grip strength, gait speed, ALM, fat mass and hip BMD) using the 

following calculations: 

Annual absolute change =  𝑌𝑌10−𝑌𝑌1
𝐹𝐹𝐹𝐹𝐹𝐹

 

Annual percentage change =  
100× 𝑌𝑌10−𝑌𝑌1𝑌𝑌1

𝐹𝐹𝐹𝐹𝐹𝐹
  

where Y1 and Y10 represent the value of the characteristic at Year 1 (baseline) and Year 10 

respectively and FUP represents the individual’s follow-up time; negative values of change are 

indicative of declines. Gait speed was not measured at Year 1 so values from Year 2 were used for 

this characteristic. 

To calculate percentage change using data from all time-points, percentage change since baseline 

was calculated at each time-point and then person-specific regression lines were fitted to predict 

percentage change since baseline, from the age at each time-point; each participant’s estimated 

annual percentage change is given by the regression coefficient for age, estimated even when 

data at some time-points were missing. As percentage change has limitations for comparing 

changes between characteristics with different coefficients of variation, additional measures of 

change from baseline to Year 10 were derived by standardising characteristics at Year 10 using the 

mean and SD values at baseline. Conditional change measures (independent of baseline level) 

were characterised by residuals obtained after estimating sex-specific linear regression models for 

characteristics at follow-up (Year 10) from characteristics at baseline with adjustment for 

individual follow-up duration220. These simplistic approaches are limited but important as they 

allow comparison with the results obtained from previous studies with the results of the more 

sophisticated analyses implemented in this thesis. 

Results corresponding to these methods are included in Section 3.2.2. 

 

2.6.2.2 Calculation of descriptive statistics and centile curves 

Participant characteristics at baseline and measures of annual change in these characteristics 

were described among men and women separately using means and standard deviations (SDs). 
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Sex-differences in means were assessed using t-tests.  Means and 95% confidence intervals for 

the key characteristics were plotted at each year they were ascertained. Centile curves for the key 

characteristics were derived using generalised additive models for location, scale and shape and 

implemented using the GAMLSS package in R, as described in Section 2.3.1. 

Results corresponding to these methods are included in Sections 3.2.2 and 3.2.3. 

 

2.6.2.3 Comparison of changes between characteristics 

Box plots were used to visualise the distributions of the annual percentage change variables 

(derived from person-specific regression models) and t-tests were used to compare the means of 

these variables between men and women. The F-test for the homogeneity of variances, also 

known as the Variance Ratio Test, was used to compare the variance of the percentage change 

measures between characteristics. 

As percentage change has limitations for comparing changes between characteristics with 

different coefficients of variation, boxplots of change measures from baseline to Year 10 that 

were derived by standardising characteristics at Year 10 using the mean and SD values at baseline 

were also presented. 

Change analysis using the person-specific regression lines was restricted to 2917 participants with 

data on at least one change measure; each change measure required values of the characteristic 

at baseline and at least one other time-point. Analysis using the standardised change measures 

was restricted to 1599 participants with data on at least one characteristic at both baseline and 

Year 10. Results corresponding to these methods are included in Section 3.2.4. 

 

2.6.2.4 Variance at follow-up explained by change since baseline 

To estimate the proportion of variance in each characteristic at Year 10 that was explained by the 

baseline level and conditional change from baseline to Year 10, R-squared values were calculated 

from sex-specific linear regression models with the characteristic at Year 10 as the outcome and 

the baseline characteristic and the conditional change measure as each predictor in turn.  

This analysis was restricted to 1599 participants with data on at least one conditional change 

measure; each conditional change measure requires values of the characteristic at baseline and 

Year 10. Results corresponding to these methods are included in Section 3.2.5.  
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2.6.2.5 Estimation of longitudinal mean trajectories 

To examine the shape of the mean trajectories of the characteristics over time, sex-specific LME 

models with random intercepts and slopes, which included age as a linear term, were fitted for 

each characteristic. Quadratic and cubic age terms were included if they were significant (p<0.05). 

The mean trajectories were then plotted, together with their 95% confidence bands. 

GMM (fitted using the ‘lcmm’ R package191) and LCT models were implemented to assess whether 

there were distinct groups of individuals following markedly different trajectories regarding each 

characteristic. For each technique, the model with the lowest BIC was chosen as the optimum 

model under the following restrictions; limiting the order of polynomial age terms to three for 

fixed effects (one for random effects for GMM); limiting the number of possible groups to four; 

and only considering models where the highest order age term for each group was significant. 

All trajectory analysis was based on the sample of 2917 participants with data on at least one of 

the characteristics (grip strength, gait speed, ALM, whole-body fat mass and hip BMD) at two or 

more time-points. Results corresponding to these methods are included in Sections 3.2.6 and 

3.2.7. 

 

2.6.2.6 Sensitivity analyses 

Sensitivity analyses included stratification by race within each sex. Furthermore, mean trajectories 

from participants with observations at all time-points were compared with trajectories from 

participants with observations at a minimum of two time-points to determine whether results 

were influenced by sample attrition.  

Results corresponding to these sensitivity analyses are included in Section 3.2.8. 

 

2.6.3 Determinants of level and change in characteristics 

2.6.3.1 Potential baseline determinants considered 

Potential determinants, ascertained at baseline (Year 1) included: age, height, weight-for-height 

residual, smoking status, alcohol consumption, physical activity, healthy eating index (ascertained 

at Year 2), educational attainment; housing tenure and number of systems medicated. These 
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were selected based on the determinants of changes in musculoskeletal and body composition 

characteristics identified in the epidemiological literature review (Section 1.5) and on the 

availability of data in the Health ABC Study (Section 2.4.3). All analyses were adjusted for a four-

level sex-race categorical variable indicating the four possible combinations of sex and race. Sex-

specific z-scores were derived for all continuous exposures and outcomes to enable the 

comparison of effect sizes. 

 

2.6.3.2 Derivation of change measures for musculoskeletal and body composition 

characteristics 

The following process was used to obtain change measures for each characteristic: model the 

relationship between age and the median, variance, skewness and kurtosis of the characteristic 

using sex-specific GAMLSS; extract z-scores, known as normalised (randomised) quantile residuals, 

for each observation which indicate how high or low they are from what would be expected, 

given sex and age; apply sex-specific LME models with random intercepts and slopes to the z-

scores with time from baseline as the only fixed effect; extract the random slopes for each 

participant as the measure of change. This process used all available data for each characteristic 

over Years 1-10.  

 

2.6.3.3 Potential baseline determinants in relation to level and change in musculoskeletal 

parameters 

The relationship between each potential determinant and both baseline level and longitudinal 

change in each characteristic was examined using linear regression models adjusted for age and 

for a sex-race variable indicating the four possible combinations of sex and race. Statistically 

significant (p<0.05) correlates were then included in mutually adjusted models. Sex-specific 

weight-for-height residuals were strongly correlated with sex-specific z-scores for appendicular 

lean mass (r=0.71, p<0.001) and fat mass (r=0.91, p<0.001); to avoid multi-collinearity in models, 

weight-for-height residual was not included in models for these outcomes.  

For each musculoskeletal or body composition characteristic, participants with data on baseline 

level and change, over at least two time points, were included in the analyses; 2917 participants 

had such data on at least one of the characteristics and comprised the analytical sample for the 

determinants analysis. Results corresponding to these methods are included in Section 3.3. 
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2.6.3.4 Sensitivity analyses 

Sensitivity analyses involved including interaction terms between each potential determinant and 

the sex-race variable, to assess the effect size and significance of these terms, and stratifying 

analyses by sex.  

Results corresponding to these sensitivity analyses are included in Section 3.3.8. 

 

2.6.4 Interrelationships between changes in characteristics 

2.6.4.1 Derivation of change measures 

The process used to obtain change measures for the musculoskeletal and body composition 

characteristics was the same as described in Section 2.6.3.2 which involved applying sex-specific 

LME models to z-scores obtained from sex-specific GAMLSS models. However, to ascertain change 

measures over different parts of the study follow-up, this process was implemented for each 

characteristic over the following periods: Years 1-10, Years 1-6 and Years 6-10. These intervals 

were selected to ensure that change measures were based on data available at multiple time-

points. 

Conditional change measures, based on data at Year 1 (baseline) and Year 10, were also derived 

as outlined in Section 2.6.2.1 to check that results were similar when using change measures that 

were completely independent of baseline levels.  

 

2.6.4.2 Correlations between changes in characteristics 

Pearson correlations between change measures were examined within the following years of 

follow-up: Years 1-6, Years 6-10 and Years 1-10. A correlation matrix of partial Pearson 

correlations between change measures over Years 1-10 was also produced to examine mutually-

adjusted associations. Pearson correlations between conditional change measures, derived using 

data at Years 1 and 10, were also examined as a sensitivity analysis. 

To explore temporal associations between changes in characteristics, Pearson correlations 

between changes in characteristics over Years 1-6 in relation to subsequent changes in 

characteristics over Years 6-10 were explored. Correlations of interest were examined graphically 

by examining mean changes in characteristics over Years 6-10 according to tertiles of change over 

Years 1-6. Correlations of interest were also examined using linear regression after adjustment for 
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the four-level sex-race variable, age and diet quality. These adjustments comprised the set of 

baseline characteristics that were associated with changes in two or more of the musculoskeletal 

and body composition characteristics in the determinants analysis, as shown in Section 3.3.9 and 

Table 18). 

Change measures based on z-scores from GAMLSS required measurements of the musculoskeletal 

or body composition characteristic at two or more time-points; conditional change measures 

required measurements at Years 1 and 10. As the number of participants that featured in each 

correlation analysis differed depending on the follow-up window and the measure of change 

used, this number is stated in the footnotes of each table of correlations presented in Section 

3.4.2 and 3.4.3. Results for examining correlations between change measures within Years 1-6, 

Years 6-10 and Years 1-10 are included in Section 3.4.2 and results for temporal associations 

between changes in characteristics are presented in Section 3.4.3. 

 

2.6.4.3 Use of principal component analysis to explore changes 

A principal component analysis of the variables for changes in characteristics (derived by applying 

LME models to z-scores obtained from GAMLSS) over Years 1-10 was conducted to investigate 

whether there were interpretable components that explain a substantial proportion of variation 

in these changes. This method derives variables (components) that are independent linear 

combinations of the change variables that explain the most variation in the data221. This analysis 

was based on the covariance matrix, as opposed to the correlation matrix, as all measures were 

on the same scale (sex-specific z-scores). Principal components may represent the extent to which 

participants experience an overall decline in all characteristics or a contrast between participants 

with a greater decline in some characteristics and a smaller decline in others.  

As principal component analysis requires complete data, the analysis sample comprised the 2574 

participants with data on all change measures; each change measure requires values of the 

characteristic at two or more time-points over Years 1-10. Results corresponding to these 

methods are included in Section 3.4.4. 

 

2.6.4.4 Use of bivariate dual change score models to examine interrelationships 

Extended bivariate dual change score models were implemented for each pair of characteristics 

out of grip strength, gait speed, ALM, fat mass and hip BMD. Extended models were used as they 

enable the relationships between prior changes and subsequent changes in the two variables 
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examined to be explored. As these models require the measurement of characteristics at the 

same time-points, data at Years 2, 4, 6, 8 and 10 were used for all characteristics apart from hip 

BMD where data at Years 1, 3, 5, 8 and 10 were used for an approximation. These models were 

implemented among the pooled sample of men and women as well as among sex-specific 

samples. To assess consistency of results, combinations of different samples (pooled and sex-

specific), units for analyses (original units, LMS z-scores and z-scores derived from baseline mean 

and variance values) and estimation methods (maximum likelihood and unweighted least squares) 

were used. 

These models were applied to all available data to maximise the sample size. Results 

corresponding to these methods are included in Section 3.4.5 and 3.4.6. 

 

2.6.5 Level and change in musculoskeletal and body composition characteristics in relation 

to risk of adverse health outcomes 

2.6.5.1 Derivations of change measures 

The process used to obtain change measures for the musculoskeletal and body composition 

characteristics was the same as described in Section 2.6.3.2 which involved applying sex-specific 

LME models to z-scores obtained from sex-specific GAMLSS models. However, for each 

characteristic, only data from Years 1-6 were used; outcomes included adverse events (deaths, 

fragility fractures, hospital admissions and falls) occurring after a participant's latest measurement 

of the characteristic. This approach was implemented to reduce the possibility of reverse 

causation by ensuring that the adverse health outcome was ascertained after the exposure and to 

ensure change measures for characteristics were based on a sufficient number of repeated 

measures. 

 

2.6.5.2 Availability of dates for adverse health events 

Dates were available for deaths, hospital admissions and fragility fractures but not for falls. To 

allow a time-to-event analysis for falls, participants reporting a fall in the previous 12 months 

were regarded as having fallen 6 months before the date this information was ascertained. 

Information on the ascertainment of adverse health events in the Health ABC Study is outlined in 

Section 2.4.5. 
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2.6.5.3 Cox models relating level and change in musculoskeletal and body composition 

characteristics to risk of adverse outcomes 

For each characteristic, baseline level (calculated as the mean of the values from Years 1-6) and 

longitudinal change were examined in relation to each adverse event using time-to-first-event Cox 

proportional hazards models with death as a censoring event for the other adverse events. Sex-

specific z-scores were derived for all continuous exposures to enable the comparison of effect 

sizes. Time-at-risk started from a participant's latest measurement of the characteristic and, for 

those who did not experience the adverse event or leave the study early, ended on 30th 

September 2014 for deaths and 14th August 2012 for hospital admissions and fragility fractures as 

stated in Section 2.4.5. For participants who did not fall, the censoring date was the latest date at 

which they had experienced no falls during the time at risk and had complete data for all previous 

responses regarding falls.  

For each characteristic, participants with data on baseline level and change, over at least two time 

points from Years 1-6, were included in the analyses. This resulted in an analysis sample of 2904 

participants with both these measures available for at least one of the musculoskeletal and body 

composition characteristics. 

 

2.6.5.4 Use of competing risk models to validate results from Cox models 

Due to the high number of deaths occurring during follow-up among individuals of this age group, 

a competing risk analysis for hospital admission and fragility fracture, with death as a competing 

event, was also performed using the Fine-Gray subdistribution hazards model222. To incorporate 

the effect a predictor has on the events of interest and the competing event, this technique 

models the effect of predictors on the cumulative incidence function of the event of interest. The 

cumulative incidence function reflects the probability that the event occurs before a given time. 

Deaths occurring outside the time-at-risk of the primary event were not considered as competing 

events. For the falls analyses, a competing risk analysis was not possible as competing events 

(deaths occurring before an individual’s first fall) would only occur after the censoring date (latest 

date at which they had experienced no falls and had complete data for previous fall questions). 
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2.6.5.5 Adjustment for previous adverse events in Cox and competing risk models 

Previous fragility fractures, admissions and falls occurring before the time at risk were associated 

(p<0.01) with increased risk of the corresponding event during follow-up; this has been reported 

in previous studies223-225. However, the predictors characterising previous admission and falls 

violated the proportional hazards assumption; to address this, Cox models stratified on whether 

or not participants had a previous event were implemented for fragility fractures, admissions and 

falls. Stratified competing risk models could not be implemented with the available software so 

models were adjusted for previous events. 

 

2.6.5.6 Adjustment for potential baseline confounders identified in the analysis of 

determinants of level and change 

All models were adjusted for age when first regarded as being at risk and for the four-level sex-

race variable. When exploring how the level of the musculoskeletal or body composition 

characteristic (grip strength, gait speed, ALM, fat mass and hip BMD) related to the risk of adverse 

outcomes, models were also adjusted for the set of baseline characteristics that were associated 

with the levels of two or more of these musculoskeletal and body composition characteristics in 

mutually-adjusted analysis; an analogous approach was used when the predictor was change in 

the characteristic. Therefore, based on the results for baseline determinants of level and change 

(Section 3.3.9 and Table 18), survival analysis models for level were additionally adjusted for 

height, weight-for-height residual (excluded for ALM and fat mass due to collinearity), physical 

activity, alcohol consumption, diet quality, education and number of systems medicated; models 

for change were only additionally adjusted for diet quality. 

  

2.6.5.7 Treatment of missing values for adverse events 

Participants with missing responses during the time at risk and before their first fall were not 

included in the survival analyses for falls as their time-to-first failure could not reliably be 

determined. Similarly, participants with possible fragility fractures (categorised as ‘possible’ and 

not ‘definite’ and fracture types that were unknown/missing) occurring either before their first 

definite fragility fracture or at any time during follow-up among those who did not experience a 

fragility fracture were not included in the survival analysis for this outcome.  

Results corresponding to these methods outlined in Sections 2.6.5.1 - 2.6.5.7 are included in 

Sections 3.5.3 - 3.5.7. 
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2.6.5.8 Baseline participant characteristics in relation to risk of adverse events 

For completeness, and to determine the adjustments to include in models to improve precision in 

sensitivity analyses, the same set of potential baseline determinants of level and change in 

musculoskeletal and body composition parameters were examined in relation to risk of the 

adverse events. As stated in Section 2.6.3.1, these baseline characteristics included age, height, 

weight-for-height residual, smoking status, alcohol consumption, physical activity, healthy eating 

index, educational attainment; housing tenure and number of systems medicated. Univariate 

models for each baseline characteristic in relation to each adverse event included age and the 

sex-race variable; characteristics associated (p<0.05) with the adverse event were then included 

in mutually-adjusted models. Both Cox and competing risk models were used with the baseline 

clinic as the start of the time at risk. 

Results corresponding to these methods are included in Section 3.5.8.1. 

 

2.6.5.9 Sensitivity analyses 

Several sensitivity analyses were performed. First, interaction terms between the sex-race 

variable and the measures of level and change were included in models and both their effect size 

and statistical significance was assessed to ensure associations were similar among each of the 

four combinations of sex and race. Second, models including level and change measures 

simultaneously were used to ensure associations between change measures and the risk of 

adverse outcomes were not driven by the measure for level and vice versa. Third, models were 

additionally adjusted for the baseline characteristics (listed in Section 2.6.5.8) that were 

significant predictors of at least two of the adverse outcomes in mutually-adjusted models. 

Therefore, as well as the adjustments stated in Section 2.6.5.6, survival analysis models in this 

sensitivity analysis for level in relation to adverse events were additionally adjusted for smoking 

status and housing tenure; survival models for change in relation to adverse events were 

additionally adjusted for weight-for-height residual, smoking status, physical activity, education, 

housing tenure and number of systems medicated. Fourth, survival models were restricted to 

participants with complete data on the corresponding musculoskeletal or body composition 

parameter at Years 1-6. Finally, evidence of non-linear relationships between level and change 

exposures and risk of adverse outcomes was examined by assessing the statistical significance and 

effect size of quadratic terms for these exposures. 
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Results corresponding to these sensitivity analyses are included in Section 3.5.8.2. 

 

2.6.5.10 Associations between previous changes in characteristics and adverse outcomes 

after accounting for current measures 

Of clinical interest is whether previous measurements of musculoskeletal and body composition 

characteristics improve the prediction of adverse health outcomes, over and above current 

measures. To investigate this, conditional change measures from Year 4 to 6 and from Year 2 to 4 

were characterised by residuals obtained from sex-specific linear regression models predicting 

characteristics at Year 4 from characteristics at Year 6 and from models predicting characteristics 

at Year 2 from characteristics at Years 4 and 6, respectively; both conditional change measures 

and the Year 6 levels were independent. For each characteristic, mutually-adjusted Cox models 

were used to examine levels at Year 6 and the two conditional change variables in relation to risk 

of each adverse outcome with the same sets of adjustments as used in the main survival analysis 

(Section 2.6.5.6); only adverse outcomes occurring after Year 6 were included. As hip BMD was 

ascertained at Years 1, 3 and 5 as opposed to at Years 2, 4 and 6, data on these earlier time-points 

were used for this characteristic. 

For each characteristic, participants with residual change over the two time periods and data on 

measurements at Year 6 (Year 5 for hip BMD) were included in this analysis. This resulted in an 

analysis sample of 2346 participants with this information available for at least one of the 

musculoskeletal and body composition characteristics. Results corresponding to these methods 

are included in Section 3.5.9. 

 

2.6.5.11 Combined impact of grip strength and hip BMD in relation to adverse outcomes 

One question of interest is whether participants with low levels or high declines in both grip 

strength and hip BMD have significantly greater risks of adverse outcomes than participants with 

low levels or high declines in only one of these characteristics. Another area of interest is  

whether the effects of grip strength and hip BMD on risk of adverse outcomes are independent of 

each other or whether there are interaction effects such that the impact of low (or declining) grip 

strength on risk of outcomes is greater in the presence of low (or declining) hip BMD.  

To investigate this, a 4-level categorical variable was derived for levels of grip strength and hip 

BMD: low grip strength and hip BMD; low grip strength only; low hip BMD only; and neither low 

grip strength or low hip BMD (low values were characterised as those in the lowest sex-specific 
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third of the distribution). An analogous variable was derived for changes in LMS z-scores for grip 

strength and hip BMD: high decline in grip strength and hip BMD; high decline in grip strength 

only; high decline in hip BMD only; and neither high decline in grip strength or hip BMD (high 

declines were characterised as those in the highest sex-specific third of the distribution). These 

categorical variables were then examined separately in relation to each adverse outcome. 

Furthermore, the statistical significance of interaction effects between the continuous variables 

for grip strength and hip BMD were examined. Analyses were adjusted for the sex-race variable 

and age and then for additional characteristics as stated in Section 2.6.5.6, depending on whether 

the 4-level categorical variable represented levels or changes in grip strength and hip BMD. 

The sample for this part of the analysis comprised the 2603 participants with data on levels and 

changes in both grip strength and hip BMD. Results corresponding to these methods are included 

in Sections 3.5.10 and 3.5.11.
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Chapter 3 Results 

3.1 Chapter summary 

This chapter presents the results and a summary of findings for the following four sets of 

analyses: description of longitudinal changes in musculoskeletal and body composition 

characteristics; investigation of baseline determinants of level and change in these characteristics; 

an examination of interrelationships between changes in characteristics; and an examination of 

level and change in characteristics in relation to risk of adverse health outcomes. 

 

3.2 Longitudinal changes in characteristics 

3.2.1 Subsection summary 

Section 3.2 describes longitudinal changes in musculoskeletal and body composition 

characteristics over a 9-year follow-up period. A summary of these findings is included in Section 

3.2.9. The methods corresponding to these results are included in Section 2.6.2.  

 

3.2.2 Descriptive statistics 

Baseline anthropometric, musculoskeletal and body composition parameters among the sample 

of 2917 Health ABC participants with data on at least one of the characteristics (grip strength, gait 

speed, ALM, whole body fat mass, and hip BMD) at two or more time-points are presented in 

Table 10. Mean and standard deviation (SD) for age was 74.1 (2.9) years. Women had higher fat 

mass but all other measures were greater among men (p<0.001 for all associations). Although 

both black men and women had slower gait speed compared to their white counterparts and 

black men had lower fat mass, the remaining measures were greater among black participants. 

Compared to the 158 Health ABC participants who were not included in this sample, mean 

baseline grip strength was higher among men (p=0.003) but there were no significant differences 

in the remaining musculoskeletal and body composition parameters among men or women.   

Annual changes (absolute and percentage) in participant characteristics from baseline to Year 10 

are shown in Table 11. All characteristics declined from baseline to follow-up on average, 
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regardless of whether absolute or percentage change was used. Annual absolute declines were 

greater for women than men for fat mass (p<0.001); men experienced greater absolute declines 

in grip strength, ALM and hip BMD. Results were similar for most characteristics when percentage 

change was used instead of absolute change, characteristics with the greatest mean percentage 

decline were gait speed (1.7% per year) and grip strength (1.7% among men and 1.3% among 

women); mean percentage declines regarding all other characteristics were less than 0.7%. 

The methods corresponding to these results are included in Section 2.6.2.1.  
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Table 10: Baseline participant characteristics according to sex and race 

Characteristic 
[Mean (SD) or N (%)] 

Men Women 
White  
(n=907) 

Black 
(n=511) 

All        
(n=1418) 

White       
(n=823) 

Black        
(n=676) 

All 
 (n=1499) 

Age (years) 74.4 (2.9) 74.0 (2.7) 74.2 (2.8)*† 74.1 (2.8) 73.8 (2.9) 74.0 (2.9)*† 
Height (m) 1.74 (0.06) 1.73 (0.07) 1.73 (0.07)* 1.59 (0.06) 1.60 (0.06) 1.60 (0.06)* 
Weight (kg) 81.4 (12.4) 81.3 (14.3) 81.4 (13.1)* 66.1 (12.1) 75.7 (15.8) 70.4 (14.6)*† 
BMI (kg/m2) 27.0 (3.7) 27.1 (4.3) 27.0 (3.9)* 26.0 (4.5) 29.7 (5.9) 27.6 (5.5)* † 
Grip strength (kg) 39.7 (7.7) 42.8 (8.7) 40.8 (8.2)*† 23.6 (5.1) 26.6 (6.2) 25.0 (5.8)*† 
Gait speed (m/s) 1.23 (0.19) 1.10 (0.20) 1.19 (0.21)*† 1.16 (0.19) 1.01 (0.20) 1.09 (0.21)*† 
ALM (kg) 23.3 (3.2) 25.0 (3.9) 23.9 (3.6)*† 15.3 (2.4) 18.2 (3.2) 16.6 (3.1)*† 
Fat mass (kg) 24.7 (6.9) 23.2 (7.4) 24.2 (7.1)*† 27.0 (7.9) 31.6 (10.2) 29.1 (9.3)*† 
Hip BMD (g/cm2) 0.94 (0.14) 1.02 (0.15) 0.97 (0.15)*† 0.77 (0.13) 0.86 (0.15) 0.81 (0.15)*† 
SD: Standard deviation; ALM: Appendicular lean mass; BMD: Bone mineral density 
*Statistically significant sex differences (p<0.05); †Statistically significant racial differences within sex (p<0.05) 
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Table 11: Annual absolute and percentage change in participant characteristics from baseline to Year 10 among men and women 

Characteristic (Mean (SD)) 
Annual absolute change Annual percentage change 

Obs 
Men Women P-value Men Women P-value 

Height (m) -0.003 (0.002) -0.003 (0.002) 0.061 -0.16 (0.10) -0.18 (0.10) <0.001 1449 
Weight (kg) -0.31 (0.75) -0.36 (0.75) 0.141 -0.36 (0.88) -0.49 (1.01) 0.007 1600 
BMI (kg/m2) -0.02 (0.25) -0.05 (0.30) 0.023 -0.05 (0.89) -0.14 (1.03) 0.064 1600 
Grip strength (kg) -0.74 (0.65) -0.36 (0.49) <0.001 -1.69 (1.54) -1.25 (1.95) <0.001 1537 
Gait speed (m/s) -0.022 (0.023) -0.020 (0.022) 0.129 -1.72 (1.93) -1.71 (2.00) 0.924 1364 
ALM (kg) -0.16 (0.19) -0.08 (0.14) <0.001 -0.66 (0.76) -0.46 (0.81) <0.001 1482 
Fat mass (kg) -0.04 (0.48) -0.20 (0.52) <0.001 -0.08 (2.00) -0.63 (1.78) <0.001 1481 
Hip BMD (g/cm2) -0.005 (0.006) -0.004 (0.006) 0.001 -0.50 (0.67) -0.47 (0.79) 0.348 1468 
BMI: Body mass index; ALM: Appendicular lean mass; BMD: Bone mineral density 
Obs: Number of non-missing observations 
Change measures were calculated by subtracting measurements at baseline from Year 10 measurements and dividing by individual follow-up duration. 
Negative values indicate average decline from baseline to the Year 10 follow-up 
Baseline gait speed was ascertained at Year 2; other baseline characteristics were ascertained at Year 1 
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3.2.3 Centile curves for characteristics 

The individual data points for each of the characteristics with the centile curves (derived by the 

LMS method) overlaid are illustrated in Figure 7; all repeated measurements are included. For all 

characteristics, there was substantial variation in values at all ages and median values declined 

with older age. 

The methods corresponding to these results are included in Section 2.6.2.2. 
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Men Women 

Figure 7: Individual data points for musculoskeletal and body composition characteristics with 

centile curves overlaid 

 

 

ALM: Appendicular lean mass; BMD: Bone mineral density 

Centile curves (2.5th, 50th and 97.5th) were derived using the Box-Cox Cole and Green (BCCG) distribution 

(also known as the LMS method); top and bottom centile curves enclose 95% of the distribution  
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3.2.4 Boxplots of changes in characteristics 

Boxplots of estimated annual percentage change in each characteristic are shown in Figure 8. 

Among both men and women, mean percentage decline in grip strength and gait speed was 

greater compared with each of the other characteristics (p<0.02 for all comparisons). Variation in 

percentage decline in grip strength, gait speed and fat mass was greater compared with each of 

the other characteristics (p<0.001 for all comparisons).  

Boxplots of the standardised characteristics at Year 10 (using the baseline mean and standard 

deviation) are illustrated in Figure 9. Although the variation of the change measures is normalised 

using this method, decline in grip strength and gait speed was greater compared to the other 

characteristics, as in the case when percentage changes were examined. 

The methods corresponding to these results are included in Section 2.6.2.3. 
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Figure 8: Boxplots of estimated annual percentage change in characteristics among men and 

women 

 

ALM: Appendicular lean mass; BMD: Bone mineral density 

The three vertical lines in the box represent the lower quartile (Q1), median and upper quartile (Q3). The 

lower whisker is the smallest value that is greater than Q1 − 1.5 × IQR and the upper quartile is the largest 

value which is less than Q3 + 1.5 × IQR, where IQR = Q3-Q1. 

Estimates of mean percentage change for each participant were derived using person-specific regression 

models for percentage change since baseline calculated at each time-point with age at each time-point as 

the only predictor. Estimated mean percentage change is given by the regression coefficient for age. 

Analysis was restricted to 1418 men and 1499 women with data on at least one change measure; each 

change measure requires values of the characteristic at baseline and at least one other time-point. 
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Figure 9: Standardised characteristics at Year 10 using baseline mean and standard deviation 

 

ALM: Appendicular lean mass; BMD: Bone mineral density 

Characteristics at Year 10 were standardised using the mean and SD values at baseline 

Analysis was restricted to 1599 participants with data on at least one characteristic at both baseline and 

Year 10 

 

3.2.5 Proportion of variation in characteristics at follow-up explained by baseline level and 

conditional change 

The proportion of variation in each characteristic at follow-up (Year 10) which was explained by 

baseline level and conditional change (change since baseline that was independent of baseline 

level) is illustrated in Figure 10. Among men and women, a large proportion of the variation (48-

61%) in grip strength and gait speed at Year 10 was explained by conditional change since 

baseline, whereas for the other characteristics, this figure was only 14-31%.  

The methods corresponding to these results are included in Section 2.6.2.4. 
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Figure 10: Proportion of variance at Year 10 explained by baseline level and conditional change 

since baseline 

 

ALM: Appendicular lean mass; BMD: Bone mineral density 

Measures of conditional change were derived using a residual change method and were independent of 

baseline level 

Pearson correlations between baseline and follow-up measures: grip strength (men: 0.72, women: 0.69); 

gait speed (men: 0.62, women: 0.65); ALM (men: 0.88, women: 0.91); Fat mass (men: 0.83, women: 0.86); 

Hip BMD (men: 0.93, women: 0.93) 

Analyses restricted to 735 men and 864 women with data on at least one conditional change measure; each 

conditional change measure requires values of the characteristic at baseline and Year 10 

 

3.2.6 Mean trajectories of characteristics 

Figure 11 shows the mean trajectories of the characteristics for men and women, together with 

their 95% confidence bands. Decline in grip strength, gait speed and hip BMD accelerated over 

time as indicated by their quadratic relationship with age; a linear decline in ALM was observed. 

Fat mass increased, remained level and then decreased among men with a smaller period of initial 

increase among women. 

The methods corresponding to these results are included in Section 2.6.2.5. 
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Figure 11: Mean (95% CI) trajectories of characteristics among men and women 

 

ALM: Appendicular lean mass; BMD: Bone mineral density 

Mean trajectories were derived using linear mixed effects models with random intercepts and slopes. 

Quadratic and cubic age terms were included as fixed effects if significant (p<0.05) 

For each characteristic, trajectories from participants with at least two observations were included 

 

3.2.7 Identification of unobserved groups with different mean trajectories for the 

characteristics 

Mean trajectories of unobserved groups among men and women, obtained from GMM are 

illustrated in Figure 12 and Figure 13. All models contained a dominant group comprising at least 

85% of the sex-specific sample with sparse numbers of participants in other groups. This suggests 

that a LME model with a single population average trajectory is sufficient for describing changes 
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in these characteristics among this age group and duration of follow-up. Mean trajectories of 

groups ascertained from the LCT model had much larger differences in levels of the characteristics 

rather than in rates of loss (Figure 14, Figure 15). However, there was a more even spread 

regarding the number of participants in each group. 

As stated in Section 2.6.2.5, the model with the lowest BIC was chosen as the optimum model 

under the following restrictions; limiting the order of polynomial age terms to three for fixed 

effects (one for random effects for GMM); limiting the number of possible groups to four; and 

only considering models where the highest order age term for each group was significant. 

However, the patterns outlined above for GMM and LCT models were similar for the sub-optimal 

models that were fitted. 

The methods corresponding to these results are included in Section 2.6.2.5.  
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Figure 12: Mean trajectories of groups among men from growth mixture models 

 

The proportion of men in each group is stated below the graph
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Figure 13: Mean trajectories of groups among women from growth mixture models 

 

The proportion of women in each group is stated below the graph
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Figure 14: Mean trajectories of groups among men from latent class trajectory models 

 

The proportion of men in each group is stated below the graph
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Figure 15: Mean trajectories of groups among women from latent class trajectory models 

 

The proportion of women in each group is stated below the graph 

 

3.2.8 Sensitivity analyses 

After stratification by race within each sex, results were broadly similar between races (Appendix 

1 – Appendix 3). Differences in mean trajectories between races were greater regarding levels of 

the characteristics rather than in rates of change. 

In comparison with participants with data at two or more time-points, those with complete data 

had mean trajectories with slightly higher initial levels and/or lower rates of decline regarding 

some of the musculoskeletal parameters (Appendix 4), probably due to survivor bias. However, 

age-related changes in the characteristics were broadly similar between both groups. Mean 

trajectories from GMM and LCT models among participants with complete data were similar to 

those from participants with data at two or more time-points; GMM contained a dominant group 
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comprising a large proportion of the sample and mean trajectories from LCT models had much 

larger differences in levels of the characteristics rather than in rates of loss (Appendix 5 – 

Appendix 8). 

The methods corresponding to the results from these sensitivity analyses are included in Section 

2.6.2.6. 

3.2.9  Summary of findings 

This part of the thesis (Section 3.2) has described 9-year changes in musculoskeletal and body 

composition parameters among participants of the Health ABC Study. Declines in grip strength, 

gait speed and hip BMD accelerated with advancing age whereas declines in ALM were linear; fat 

mass increased, plateaued, and then decreased. Declines were greater, and the proportion of 

variance at follow-up explained by baseline level was lower, for gait speed and grip strength (39-

52%) compared to the other characteristics (69-86%). Insights about longitudinal changes in 

characteristics from GMM and LCT models were limited with mean trajectories from GMM 

containing a dominant group comprising at least 85% of the sex-specific sample and those from 

LCT models differing considerably more with regard to level than change. 

 

3.3 Determinants of level and change in characteristics 

3.3.1 Subsection summary 

Section 3.3 presents results relating to the following objective of this thesis: to examine baseline 

determinants of level and change in musculoskeletal and body composition characteristics. This 

section also includes a summary of these findings (Section 3.3.9). As stated in Section 2.6.3.1, the 

potential determinants considered included: age, height, weight-for-height residual, smoking 

status, alcohol consumption, physical activity, healthy eating index (ascertained at Year 2), 

educational attainment; housing tenure and number of systems medicated. All univariate and 

mutually-adjusted models accounted for age, sex and race. 

The methods corresponding to the results in Section 3.3 are included in Section 2.6.3. 
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3.3.2 Descriptive statistics of baseline characteristics 

Baseline characteristics of the 2917 Health ABC participants with data on at least one of the 

characteristics (grip strength, gait speed, ALM, whole body fat mass, and hip BMD) at two or more 

time-points are described in Table 12. On average, men were taller than women (p<0.001) and 

adiposity levels, indicated by greater weight-for-height residuals, were higher among black 

compared to white women (p<0.001). Although physical activity was higher among men 

(p<0.001), they had poorer diet quality, higher alcohol consumption and were more likely to have 

ever smoked compared to women (p<0.001 for all associations). Among both sexes, alcohol 

consumption was lower among black participants (p<0.001) but diet quality was poorer (p<0.001). 

Levels of educational attainment and home ownership were higher among men than women and 

among white participants compared to black participants (p≤0.005 for all associations). Number 

of systems medicated was higher among women than men and among white participants 

compared to black participants (p<0.05 for all associations). 

Compared to the 158 participants who were not included in the analysis sample, both men and 

women in the analysis sample were more likely to be white and have post-secondary education 

(p<0.004). 
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Table 12: Baseline participant characteristics according to sex and race 

Characteristic [Mean (SD) or N(%)] Men Women 
White (n=907) Black (n=511) All (n=1418) White (n= 823) Black (n=676) All (n=1499) 

Age (years) 74.4 (2.9) 74.0 (2.7) 74.2 (2.8)*† 74.1 (2.8) 73.8 (2.9) 74.0 (2.9)*† 
Height (m) 1.74 (0.06) 1.73 (0.07) 1.73 (0.07)* 1.59 (0.06) 1.60 (0.06) 1.60 (0.06)* 
Weight-for-height residual (SD score) 0.00 (0.92)         0.00 (1.10) 0.00 (0.99)         -0.30 (0.87)         0.35 (1.03) -0.01 (1.00)† 
       
Ever smoked 639 (70.6%)           353 (69.1%) 992 (70.1%)*          337 (40.9%)           297 (44.1%) 634 (42.4%)* 
       
Alcohol consumption: None 320 (35.5%) 274 (54.0%) 594 (42.2%)*† 390 (47.4%) 471 (69.8%) 861 (57.5%)*† 

     <1 per week 174 (19.3%) 99 (19.5%) 273 (19.4%)*† 186 (22.6%) 139 (20.6%) 325 (21.7%)*† 
     1-7 times per week 291 (32.3%) 89 (17.6%) 380 (27.0%)*† 205 (24.9%) 54 (8.0%) 259 (17.3%)*† 
     >1 per day 117 (13.0%) 45 (8.9%) 162 (11.5%)*† 41 (5.0%) 11 (1.6%) 52 (3.5%)*† 

       
Physical activity (kcal/week) 6861 (5536) 6760 (6658) 6824 (5962)* 5616 (4195) 6159 (5948) 5860 (5065)* 
       
Healthy Eating Index 70.6 (11.4) 63.3 (12.0) 68.1 (12.1)* † 72.4 (11.8) 68.5 (11.8) 70.7 (12.0)*† 
       
Education: Below high school 122 (13.5%) 254 (49.8%) 376 (26.6%)*† 83 (10.1%) 257 (38.2%) 340 (22.8%)*† 

        High school graduate 238 (26.3%) 122 (23.9%) 360 (25.4%)*† 344 (41.8%) 234 (34.8%) 578 (38.7%)*† 
        Post secondary  546 (60.3%) 134 (26.3%) 680 (48.0%)*† 395 (48.1%) 181 (26.9%) 576 (38.6%)*† 

       
Housing tenure (rent/other) 166 (18.7%) 127 (25.0%) 293 (21.0%)*† 218 (27.1%) 248 (37.2%) 466 (31.7%)*† 
       
Number of systems medicated** 3.0 (1.0, 3.0) 2.0 (1.0, 3.0) 2.0 (1.0, 3.0)*†  2.0 (1.0, 3.0) 2.0 (1.0, 3.0) 2.0 (1.0, 3.0)*† 
       
*Statistically significant sex differences (p<0.05); †Statistically significant racial differences within sex (p<0.05); **Median (lower quartile, upper quartile) 
Number of systems medicated included the gastrointestinal, endocrine, respiratory, musculoskeletal and cardiovascular systems, and also cancers, and mental health 
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3.3.3 Determinants of level and change in grip strength 

Associations between baseline characteristics and grip strength level and change are presented in 

Figure 16 and Table 13. In univariate analyses, correlates of lower baseline grip strength included 

older age, shorter height, lower adiposity (weight-for-height residual), lower physical activity, 

poorer diet quality, higher educational attainment; not owner-occupying one’s home and greater 

comorbidity (more systems medicated); only the association regarding diet quality was not robust 

in mutually-adjusted analysis. In univariate and mutually-adjusted models, older age, owner-

occupying one’s home and greater comorbidity were associated with greater loss of grip strength. 

 

Figure 16: Mutually-adjusted associations between participant characteristics and grip strength 

level and change with adjustment for sex and race 

 

W-f-H: Weight for height residual; HEI: Healthy eating index 

This figure presents the estimates in the mutually-adjusted models in Table 13 

Estimates per higher band of educational attainment and for renting/other as opposed to owning one’s 
home; remaining estimates are per unit increase in the characteristic 

Change measures derived by applying linear mixed effects models to z-scores (derived from generalised 
additive models for location, scale and shape) and extracting random slopes 

A positive regression coefficient for grip change illustrates that an increase/presence of the predictor was 
associated with reduced loss of grip strength over time and a negative coefficient reflects accelerated loss 

A four-level sex-race variable was included in all models to account for these characteristics  
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Table 13: Associations between baseline participant characteristics and grip strength level and change 

Participant characteristic 

Grip strength level at baseline (z-score) Grip strength change during follow-up (z-score)† 
Adjusted for 
sex and race Mutually-adjusted Adjusted for 

sex and race Mutually-adjusted 

Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value 

Age (z-score)* -0.18 (-0.21,-0.14) <0.001 -0.13 (-0.17,-0.10) <0.001 -0.05 (-0.09,-0.02) 0.004 -0.06 (-0.09,-0.02) 0.004 

Height (z-score)* 0.34 (0.31,0.38) <0.001 0.34 (0.30,0.37) <0.001 -0.03 (-0.07,0.01) 0.102   

Weight-for-height residual (z-score)* 0.10 (0.06,0.13) <0.001 0.09 (0.05,0.12) <0.001 -0.00 (-0.04,0.04) 0.952   

Ever smoked 0.05 (-0.02,0.12) 0.186   0.01 (-0.06,0.09) 0.723   

Alcohol consumption** -0.02 (-0.06,0.02) 0.298   -0.02 (-0.06,0.02) 0.307   

Physical activity (z-score)* 0.12 (0.09,0.16) <0.001 0.07 (0.03,0.10) <0.001 0.01 (-0.02,0.05) 0.495   

Healthy Eating Index (z-score)* 0.04 (0.00,0.08) 0.041 0.03 (-0.00,0.07) 0.069 -0.02 (-0.06,0.02) 0.244   

Education** -0.06 (-0.11,-0.01) 0.012 -0.08 (-0.12,-0.03) 0.001 -0.00 (-0.05,0.05) 0.970   

Housing tenure (rent/other) -0.15 (-0.23,-0.07) <0.001 -0.12 (-0.20,-0.04) 0.002 0.11 (0.03,0.20) 0.009 0.12 (0.03,0.20) 0.008 

Number of systems medicated* -0.04 (-0.07,-0.01) 0.005 -0.04 (-0.07,-0.02) 0.002 -0.05 (-0.08,-0.03) <0.001 -0.05 (-0.08,-0.02) <0.001 
         

*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; Other estimates are for the presence versus absence of the characteristic 
†Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and extracting random slopes 
A positive regression coefficient for grip strength change illustrates that an increase/presence of the predictor was associated with reduced loss of grip strength 
over time and a negative coefficient reflects accelerated loss of grip strength 
A four-level sex-race variable was included in all models to account for these characteristics     

Significant associations (p<0.05) are highlighted in bold and red   
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3.3.4 Determinants of level and change in gait speed 

Relationships between participant characteristics and gait speed level and change are presented 

in Table 14 and Figure 17. Correlates of slower gait speed included older age, shorter height, 

higher adiposity, ever smoking, lower alcohol consumption, lower physical activity, poorer diet 

quality, lower educational attainment, not owner occupying one’s home and greater comorbidity; 

in mutually-adjusted analysis, only associations regarding height and housing tenure were not 

robust. Older age, higher adiposity and greater comorbidity were associated with accelerated 

decline in gait speed in univariate analyses; associations for comorbidity were not robust in the 

mutually-adjusted model. 

 

Figure 17: Mutually-adjusted associations between participant characteristics and gait speed 

level and change with adjustment for sex and race 

 

W-f-H: Weight for height residual; HEI: Healthy eating index 

This figure presents the estimates in the mutually-adjusted models in Table 14 

Estimates per higher band of alcohol consumption and educational attainment; for ever smoking vs not and 
for renting/other vs owning one’s home; remaining estimates are per unit increase in the characteristic 

Change measures derived by applying linear mixed effects models to z-scores (derived from generalised 
additive models for location, scale and shape) and extracting random slopes 

A positive regression coefficient for gait speed change illustrates that an increase/presence of the predictor 
was associated with reduced loss of gait speed over time and a negative coefficient reflects accelerated loss 

A four-level sex-race variable was included in all models to account for these characteristics 
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Table 14: Associations between baseline participant characteristics and gait speed level and change 

Participant characteristic 

Gait speed level at baseline (z-score) Gait speed change during follow-up (z-score)† 
Adjusted for  
sex and race Mutually-adjusted Adjusted for  

sex and race Mutually-adjusted 

Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value 

Age (z-score)* -0.19 (-0.23,-0.16) <0.001 -0.20 (-0.23,-0.16) <0.001 -0.04 (-0.08,-0.00) 0.038 -0.05 (-0.09,-0.01) 0.018 

Height (z-score)* 0.04 (0.01,0.08) 0.018 0.03 (-0.00,0.07) 0.06 -0.02 (-0.06,0.02) 0.260   

Weight-for-height residual (z-score)* -0.16 (-0.20,-0.13) <0.001 -0.16 (-0.20,-0.13) <0.001 -0.06 (-0.10,-0.02) 0.005 -0.06 (-0.10,-0.01) 0.009 

Ever smoked -0.09 (-0.17,-0.02) 0.012 -0.08 (-0.15,-0.00) 0.045 -0.02 (-0.10,0.07) 0.708   

Alcohol consumption** 0.09 (0.06,0.13) <0.001 0.06 (0.03,0.10) 0.001 0.01 (-0.03,0.05) 0.631   

Physical activity (z-score)* 0.11 (0.08,0.15) <0.001 0.12 (0.08,0.15) <0.001 -0.01 (-0.05,0.03) 0.735   

Healthy Eating Index (z-score)* 0.09 (0.06,0.13) <0.001 0.07 (0.04,0.11) <0.001 -0.02 (-0.06,0.02) 0.302   

Education** 0.19 (0.14,0.23) <0.001 0.13 (0.08,0.18) <0.001 0.01 (-0.05,0.06) 0.809   

Housing tenure (rent/other) -0.11 (-0.19,-0.02) 0.012 -0.05 (-0.13,0.03) 0.219 -0.02 (-0.11,0.07) 0.708   

Number of systems medicated* -0.06 (-0.09,-0.03) <0.001 -0.05 (-0.08,-0.02) <0.001 -0.03 (-0.06,-0.00) 0.042 -0.03 (-0.06,0.00) 0.069 
         

*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; Other estimates are for the presence versus absence of the characteristic 
†Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and extracting random slopes 
A positive regression coefficient for gait speed change illustrates that an increase/presence of the predictor was associated with reduced loss of gait speed over 
time and a negative coefficient reflects accelerated loss of gait speed 
A four-level sex-race variable was included in all models to account for these characteristics     

Significant associations (p<0.05) are highlighted in bold and red 
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3.3.5 Determinants of level and change in ALM 

Table 15 and Figure 18 present associations between participant characteristics and level and 

change in ALM. In univariate and mutually-adjusted models, older age, shorter height, higher 

alcohol consumption, lower physical activity, poorer diet quality and higher educational 

attainment were associated with lower ALM.  Older age, shorter height and poorer diet quality 

were also associated with greater decline in ALM in univariate and mutually-adjusted analyses. 

 

Figure 18: Mutually-adjusted associations between participant characteristics and appendicular 

lean mass level and change with adjustment for sex and race 

 

HEI: Healthy eating index 

This figure presents the estimates in the mutually-adjusted models in Table 15 

Estimates per higher band of alcohol consumption and educational attainment; remaining estimates are per 
unit increase in the characteristic 

Change measures derived by applying linear mixed effects models to z-scores (derived from generalised 
additive models for location, scale and shape) and extracting random slopes 

A positive regression coefficient for ALM change illustrates that an increase/presence of the predictor was 
associated with reduced loss of ALM over time and a negative coefficient reflects accelerated loss 

A four-level sex-race variable was included in all models to account for these characteristics 
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Table 15: Association between baseline participant characteristics and appendicular lean mass level and change 

Participant characteristic 

ALM level at baseline (z-score) ALM change during follow-up (z-score)† 
Adjusted for 
sex and race Mutually-adjusted Adjusted for  

sex and race Mutually-adjusted 

Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value 

Age (z-score)* -0.15 (-0.18,-0.12) <0.001 -0.10 (-0.13,-0.07) <0.001 -0.05 (-0.09,-0.01) 0.009 -0.05 (-0.09,-0.01) 0.017 

Height (z-score)* 0.45 (0.42,0.48) <0.001 0.44 (0.41,0.47) <0.001 0.06 (0.02,0.10) 0.002 0.05 (0.01,0.09) 0.008 

Ever smoked -0.03 (-0.10,0.04) 0.346   -0.05 (-0.13,0.02) 0.179   

Alcohol consumption** -0.05 (-0.08,-0.01) 0.006 -0.04 (-0.07,-0.01) 0.010 0.02 (-0.02,0.06) 0.330   

Physical activity (z-score)* 0.20 (0.16,0.23) <0.001 0.16 (0.13,0.19) <0.001 -0.02 (-0.06,0.02) 0.269   

Healthy Eating Index (z-score)* 0.05 (0.01,0.08) 0.007 0.03 (0.00,0.07) 0.026 0.05 (0.01,0.09) 0.008 0.05 (0.01,0.09) 0.010 

Education** -0.06 (-0.10,-0.01) 0.011 -0.06 (-0.10,-0.02) 0.002 0.03 (-0.02,0.07) 0.317   

Housing tenure (rent/other) -0.04 (-0.12,0.04) 0.290   0.00 (-0.08,0.09) 0.953   

Number of systems medicated* 0.02 (-0.00,0.05) 0.069   -0.03 (-0.05,0.00) 0.062   
         

*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; Other estimates are for the presence versus absence of the characteristic 
†Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and extracting random slopes 
A positive regression coefficient for ALM change illustrates that an increase/presence of the predictor was associated with reduced loss of ALM over time and a 
negative coefficient reflects accelerated loss of ALM 

A four-level sex-race variable was included in all models to account for these characteristics     

Significant associations (p<0.05) are highlighted in bold and red 
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3.3.6 Determinants of level and change in fat mass 

Associations between characteristics and both level and change in fat mass are shown in Table 16 

and Figure 19. In univariate analyses, correlates of lower fat mass level included: older age, 

shorter height, higher alcohol consumption, lower physical activity, higher educational 

attainment, owner occupying one’s home and lower comorbidity; only associations for alcohol 

consumption were not robust to adjustment in mutually adjusted analyses. No baseline 

characteristics were associated with changes in fat mass. 

 

Figure 19: Mutually-adjusted associations between participant characteristics and fat mass level 

with adjustment for sex and race 

 

 

Estimates per higher band of alcohol consumption and educational attainment; remaining estimates are per 
unit increase in the characteristic 

This figure presents the estimates in the mutually-adjusted models in Table 16 

A four-level sex-race variable was included in all models to account for these characteristics 

Change measures derived by applying linear mixed effects models to z-scores (derived from generalised 
additive models for location, scale and shape) and extracting random slopes 

A positive regression coefficient for fat mass change illustrates that an increase/presence of the predictor 
was associated with reduced loss of fat mass over time and a negative coefficient reflects accelerated loss 

A four-level sex-race variable was included in all models to account for these characteristic 
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Table 16: Associations between baseline characteristics and fat mass level and change 

Participant characteristic 

Fat mass level at baseline (z-score) Fat mass change during follow-up (z-score)† 
Adjusted for  
sex and race Mutually-adjusted Adjusted for  

sex and race Mutually-adjusted 

Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value 

Age (z-score)* -0.09 (-0.12,-0.05) <0.001 -0.06 (-0.09,-0.02) 0.002 -0.04 (-0.07,0.00) 0.051   

Height (z-score)* 0.19 (0.16,0.23) <0.001 0.18 (0.15,0.22) <0.001 0.01 (-0.03,0.04) 0.744   

Ever smoked 0.03 (-0.04,0.11) 0.419   0.01 (-0.07,0.09) 0.780   

Alcohol consumption** -0.04 (-0.08,-0.00) 0.032 -0.03 (-0.07,0.01) 0.119 -0.01 (-0.05,0.02) 0.465   

Physical activity (z-score)* 0.15 (0.12,0.19) <0.001 0.15 (0.12,0.19) <0.001 -0.03 (-0.07,0.01) 0.125   

Healthy Eating Index (z-score)* 0.02 (-0.02,0.06) 0.319   0.04 (-0.00,0.08) 0.053   

Education** -0.06 (-0.11,-0.01) 0.015 -0.06 (-0.11,-0.01) 0.015 0.03 (-0.02,0.08) 0.231   

Housing tenure (rent/other) 0.08 (0.00,0.17) 0.044 0.11 (0.03,0.19) 0.007 -0.02 (-0.10,0.07) 0.708   

Number of systems medicated* 0.06 (0.03,0.09) <0.001 0.07 (0.04,0.10) <0.001 0.00 (-0.02,0.03) 0.762   
         

*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; Other estimates are for the presence versus absence of the characteristic 
†Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and extracting random slopes 
A positive regression coefficient for fat mass change illustrates that an increase/presence of the predictor was associated with reduced loss of fat mass over time 
and a negative coefficient reflects accelerated loss of fat mass 
A four-level sex-race variable was included in all models to account for these characteristics     

Significant associations (p<0.05) are highlighted in bold and red  
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3.3.7 Determinants of level and change in hip BMD 

Relationships between participant characteristics and level and change in hip BMD are illustrated 

in Table 17 and Figure 20. Older age, shorter height, lower adiposity, lower physical activity, 

poorer diet quality and less comorbidity were associated with lower hip BMD in univariate and 

mutually-adjusted analyses. In univariate analyses, correlates of accelerated decline in hip BMD 

included older age, higher physical activity, poorer diet quality and lower educational attainment; 

only educational attainment was not associated with hip BMD change in the mutually-adjusted 

model. 

 

Figure 20: Mutually-adjusted associations between participant characteristics and hip BMD 

level and change with adjustment for sex and race 

 

W-f-H: Weight for height residual; HEI: Healthy eating index 

This figure presents the estimates in the mutually-adjusted models in Table 17 

Estimates are per unit increase in the characteristic 

Change measures derived by applying linear mixed effects models to z-scores (derived from generalised 
additive models for location, scale and shape) and extracting random slopes 

A positive regression coefficient for hip BMD change illustrates that an increase/presence of the predictor 
was associated with reduced loss of hip BMD over time and a negative coefficient reflects accelerated loss 

A four-level sex-race variable was included in all models to account for these characteristics 
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Table 17: Associations between baseline characteristics and hip BMD level and change 

Participant characteristic 

Hip BMD level at baseline (z-score) Hip BMD change during follow-up (z-score)† 
Adjusted for  
sex and race Mutually-adjusted Adjusted for 

sex and race Mutually-adjusted 

Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value 

Age (z-score)* -0.11 (-0.15,-0.08) <0.001 -0.05 (-0.09,-0.02) 0.002 -0.09 (-0.13,-0.05) <0.001 -0.10 (-0.14,-0.06) <0.001 

Height (z-score)* 0.11 (0.08,0.15) <0.001 0.12 (0.08,0.15) <0.001 -0.03 (-0.07,0.01) 0.113   

Weight-for-height residual (z-score)* 0.46 (0.43,0.49) <0.001 0.44 (0.41,0.48) <0.001 -0.01 (-0.05,0.03) 0.670   

Ever smoked -0.06 (-0.13,0.02) 0.143   0.07 (-0.00,0.15) 0.064   

Alcohol consumption** 0.03 (-0.00,0.07) 0.083   0.02 (-0.02,0.06) 0.263   

Physical activity (z-score)* 0.16 (0.12,0.20) <0.001 0.08 (0.05,0.11) <0.001 -0.05 (-0.08,-0.01) 0.018 -0.06 (-0.09,-0.02) 0.005 

Healthy Eating Index (z-score)* 0.08 (0.05,0.12) <0.001 0.06 (0.03,0.09) <0.001 0.05 (0.01,0.09) 0.008 0.05 (0.01,0.09) 0.014 

Education** 0.02 (-0.03,0.07) 0.442   0.05 (0.00,0.10) 0.041 0.04 (-0.01,0.10) 0.105 

Housing tenure (rent/other) -0.05 (-0.14,0.03) 0.210   0.08 (-0.00,0.17) 0.061   

Number of systems medicated* 0.06 (0.03,0.09) <0.001 0.03 (0.00,0.05) 0.047 -0.01 (-0.04,0.02) 0.399   
         

*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; Other estimates are for the presence versus absence of the characteristic 
†Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and extracting random slopes 
A positive regression coefficient for hip BMD change illustrates that an increase/presence of the predictor was associated with reduced loss of hip BMD over time 
and a negative coefficient reflects accelerated loss of hip BMD 
A four-level sex-race variable was included in all models to account for these characteristics     

Significant associations (p<0.05) are highlighted in bold and red 
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3.3.8 Sensitivity analyses 

Some relationships between baseline characteristics and level and change in musculoskeletal and 

body composition characteristics differed between the main sex-pooled analysis and the sex-

stratified sensitivity analysis. For example, lower educational attainment was related to slower 

gait speed and, counterintuitively, higher levels of grip strength and ALM in the pooled analysis. 

However, these latter two associations were only significant among women in sex-stratified 

analysis (Appendix 9 and Appendix 13). Therefore, it would appear that some of these 

counterintuitive associations among women were driving the counterintuitive associations 

observed in the pooled analyses. 

Other sensitivity analyses involved examining evidence of interaction effects between baseline 

characteristics and the four-level sex-race variable. Although there were some significant (p<0.05) 

interactions, the vast majority of these interaction effects differed in magnitude and not direction 

of effect. Furthermore, a substantial number of interactions were investigated; a number of 

significant interactions are to be expected by chance and also due to the large number of 

observations in the analysis sample which possibly gives power to detect interactions statistically, 

even if they are not biologically convincing. 

Overall, associations between baseline participant characteristics and both level and change in 

musculoskeletal and body composition outcomes were broadly similar between the sex-pooled 

and sex-stratified analyses.  

The methods corresponding to results from these sensitivity analyses are included in Section 

2.6.3.4. 

 

3.3.9 Summary of findings 

3.3.9.1 Age and anthropometry 

Significant (p<0.05) mutually-adjusted associations between baseline participant characteristics 

and both level and change in musculoskeletal and body composition outcomes are summarised in 

Table 18. Older age was related to both lower level and accelerated decline in all outcomes apart 

from fat mass where it was only related to lower level. Shorter height was associated with lower 

levels of grip strength, ALM, fat mass and hip BMD; shorter height was also associated with 

greater decline in ALM but this was the case among women only in sex-stratified analysis 
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(Appendix 14). Lower adiposity, indicated by lower weight-for-height residuals, was a risk factor 

for lower grip strength and hip BMD; higher adiposity was a risk factor for both lower level and 

accelerated loss of gait speed. 

 

3.3.9.2 Health behaviours 

Health behaviours were related to level and change in outcomes. Ever smoking was associated 

with lower gait speed, and higher alcohol consumption was associated with both higher gait 

speed and lower ALM. Lower physical activity was related to lower levels of all outcomes and, 

surprisingly, reduced decline in hip BMD. However, the relationship between physical activity and 

hip BMD decline was observed among women only in sex-stratified analysis (Appendix 18). Poorer 

diet quality, indicated by lower HEI scores, was associated with low gait speed and both low level 

and greater decline in ALM and hip BMD. 

 

3.3.9.3 Socio-economic position and comorbidity 

Level and change in outcomes were also correlated with markers of socioeconomic position and 

levels of comorbidity. For example, lower educational attainment was related to slower gait speed 

and, counterintuitively, higher levels of grip strength and ALM. However, these latter two 

associations were only significant among women in sex-stratified analysis (Appendix 9 and 

Appendix 13). Not owner occupying one’s home was associated with lower grip strength and 

higher fat mass but reduced decline in grip strength; in sex-stratified analyses, relationships 

regarding grip strength declines and fat mass were only robust among women (Appendix 10 and 

Appendix 15). Greater comorbidity was related to lower levels and greater declines in grip 

strength, slower gait speed and higher levels of fat mass and hip BMD. 
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3.3.9.4 Implications for adjustments to include in analysis of level and change in 

musculoskeletal and body composition characteristics in relation to risk of adverse 

outcomes 

As stated in Section 2.6.5.6, baseline characteristics that were associated with the levels of two or 

more of the musculoskeletal and body composition parameters in mutually-adjusted analysis 

were included as adjustments in survival models for level of musculoskeletal and body 

composition parameters in relation to risk of adverse health outcomes; an analogous approach 

was used when the predictor was change in the characteristic. Therefore, based on the results for 

baseline determinants of level and change, survival analysis models for level were, additionally to 

sex, race and age, adjusted for height, weight-for-height residual (excluded for ALM and fat mass 

due to collinearity), physical activity, alcohol consumption, diet quality, education and number of 

systems medicated; models for change were only adjusted for diet quality in addition to age, sex 

and race. The four level sex-race variable and age were included as adjustments in all survival 

analysis models. 
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Table 18: Significant mutually-adjusted associations between baseline participant characteristics and level and change in outcomes 

Baseline 
characteristic 

Grip strength Gait speed ALM Fat mass Hip BMD 
Lower 
 level 

Greater 
decline 

Lower  
level 

Greater 
decline 

Lower 
level 

Greater 
decline 

Lower  
level 

Greater 
decline 

Lower  
level 

Greater 
decline 

Age Older  
age 

Older  
age 

Older  
age 

Older  
age 

Older  
age 

Older  
age 

Older  
age   Older 

 age 
Older 
age 

Height Shorter 
height       Shorter 

height 
Shorter 
height 

Shorter 
height   Shorter 

height   

Weight-for-height 
residual 

Lower 
adiposity    Higher 

adiposity  
Higher 
adiposity         Lower 

adiposity    

Ever smoked     Ever  
smoked               

Alcohol consumption     Less  
alcohol   More 

alcohol           

Physical activity Lower 
activity   Lower 

activity   Lower 
activity   Lower 

activity   Lower 
activity 

Higher 
activity 

Healthy Eating Index     Poorer      
diet   Poorer diet Poorer    

diet     Poorer  
diet 

Poorer 
diet 

Educational 
attainment 

Higher 
education   Lower 

education   Higher 
education   Higher 

education       

Housing tenure Not own Owner 
occupy         Owner 

occupy       

Number of systems 
medicated 

Greater 
comorbidity 

Greater 
comorbidity 

Greater 
comorbidity       Lower 

comorbidity   Lower 
comorbidity   

ALM: Appendicular lean mass; w-f-h: Weight-for-height 
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3.4 Interrelationships between changes in characteristics 

3.4.1 Subsection summary 

Section 3.4 presents results in relation to the following objective of this thesis: to examine 

interrelationships between changes in musculoskeletal and body composition characteristics. A 

summary of these findings is included in Section 3.4.7. 

 

3.4.2 Correlations between changes in characteristics 

Pearson correlations between changes in LMS z-scores for characteristics over Years 1-10 are 

presented in Table 19. A high number of correlations were both significant (p<0.05) and positive, 

suggesting that declines in these characteristics co-occur; the strongest correlations were 

between changes in body composition parameters (ALM, fat mass and hip BMD) where 

correlation coefficients ranged from 0.34 to 0.44 (p<0.001 for all correlations). Moderate 

correlations between changes in grip strength and changes in ALM (r=0.21, p<0.001) and hip BMD 

(r=0.20, p<0.001) were also observed. Similar findings were observed when correlations were 

stratified by both sex and race (Appendix 19 - Appendix 22). Results were also similar for 

correlations between changes in these LMS z-scores over Years 1-6 (Table 20) and Years 6-10 

(Table 21). 

Correlations over Years 1-10 were also similar for partial Pearson correlations between change 

measures (Table 22) and for simple Pearson correlations between conditional change measures 

that were independent of baseline levels (Table 23). 

The methods corresponding to these results are included in Section 2.6.4.2. 
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Table 19: Pearson correlations between changes in characteristics over Years 1-10 

  
Grip strength Gait speed ALM Fat mass 

  

 
    

Gait speed 0.12    
P-value <0.001    
     
ALM 0.21 0.07   
P-value <0.001 <0.001   
     
Fat mass 0.10 0.03 0.44  
P-value <0.001 0.112 <0.001  
     
Hip BMD 0.20 0.15 0.36 0.34 
P-value <0.001 <0.001 <0.001 <0.001 

     
BMD: Bone mineral density; ALM: Appendicular lean mass 

Changes in gait speed were ascertained from Years 2-10 

Change measures were ascertained by applying linear mixed effects models to z-
scores (derived from generalised additive models for location, scale and shape) and 
extracting random slopes 

Correlations between sex-specific z-scores for these change measures are presented 

Participants with at least two change measures (n=2885) were included; each change 
measure requires values of the characteristic at two or more time-points from Years 
1-10 

Significant correlations (p<0.05) are in bold; correlations where r>0.3 are in bold and 
underlined 
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Table 20: Pearson correlations between changes in characteristics over Years 1-6 

 
Grip  strength Gait speed ALM Fat mass  

     

Gait speed 0.06    

P-value 0.002    

     

ALM 0.13 0.07   

P-value <0.001 <0.001   

     

Fat mass 0.08 0.02 0.41  

P-value <0.001 0.203 <0.001  

     

Hip BMD 0.15 0.08 0.27 0.27 
P-value <0.001 <0.001 <0.001 <0.001 

     
BMD: Bone mineral density; ALM: Appendicular lean mass 
Changes in gait speed and hip BMD were ascertained from Years 2-6 and Years 1-5 
respectively 

Change measures were ascertained by applying linear mixed effects models to z-
scores (derived from generalised additive models for location, scale and shape) and 
extracting random slopes 

Correlations between sex-specific z-scores for these change measures are presented 
Participants with at least two change measures (n=2878) were included; each change 
measure requires values of the characteristic at two or more time-points from Years 
1-6 

Significant correlations (p<0.05) are in bold; correlations where r>0.3 are in bold and 
underlined 
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Table 21: Pearson correlations between changes in characteristics over Years 6-10 

  
Grip strength Gait speed ALM Fat mass 

  

 
    

Gait speed 0.10    
P-value <0.001    

     
ALM 0.18 0.03   
P-value <0.001 0.159   

     
Fat mass 0.12 0.03 0.34  
P-value <0.001 0.251 <0.001  

     
Hip BMD 0.11 0.12 0.21 0.28 
P-value <0.001 <0.001 <0.001 <0.001 

     
BMD: Bone mineral density; ALM: Appendicular lean mass 

Changes in hip BMD were ascertained from Years 5 to 10 

Change measures were ascertained by applying linear mixed effects models to z-
scores (derived from generalised additive models for location, scale and shape) and 
extracting random slopes 

Correlations between sex-specific z-scores for these change measures are presented 

Participants with at least two change measures (n=1769) were included; each change 
measure requires values of the characteristic at two or more time-points from Years 
6-10 

Significant correlations (p<0.05) are in bold; correlations where r>0.3 are in bold and 
underlined 
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Table 22: Partial Pearson correlations between changes in characteristics over Years 1-10 

  
Grip strength Gait speed ALM Fat mass 

  

 
    

Gait speed 0.09    
P-value <0.001    

     
ALM 0.16 0.01   
P-value <0.001 0.483   

     
Fat mass -0.02 -0.03 0.37  
P-value 0.354 0.130 <0.001  

     
Hip BMD 0.12 0.13 0.21 0.22 
P-value <0.001 <0.001 <0.001 <0.001 

     
BMD: Bone mineral density; ALM: Appendicular lean mass 

Changes in gait speed were ascertained from Years 2-10 

Change measures were ascertained by applying linear mixed effects models to z-
scores (derived from generalised additive models for location, scale and shape) and 
extracting random slopes 

Correlations between sex-specific z-scores for these change measures are presented 

Participants with complete data on all change measures (n= 2574) were included; 
each change measure requires values of the characteristic at two or more time-points 
from Years 1-10 

Significant correlations (p<0.05) are in bold; correlations where r>0.3 are in bold and 
underlined 
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Table 23: Pearson correlations between conditional change measures over Years 1-10   

  Grip strength Gait speed ALM Fat mass 
      

Gait speed 0.14    
P-value <0.001    
      
ALM 0.29 0.07   
P-value <0.001 0.072   
      
Fat mass 0.09 0.05 0.45  
P-value 0.020 0.234 <0.001  
      
Hip BMD 0.27 0.24 0.36 0.29 
P-value <0.001 <0.001 <0.001 <0.001 
     
BMD: Bone mineral density; ALM: Appendicular lean mass 
 

Participants with at least two conditional change measures (n=1512) were included; 
each conditional change measure requires values of the characteristic at baseline 
and Year 10  
 

Change measures were derived using a residual change method and are 
independent of baseline level 
 

Significant correlations (p<0.05) are in bold; correlations where r>0.3 are in bold and 
underlined 

 

3.4.3 Temporal correlations between changes in characteristics 

Pearson correlations between changes in characteristics over Years 1-6 in relation to subsequent 

changes in characteristics over Years 6-10 are presented in Table 24. Greater grip strength and 

gait speed decline over Years 1-6 were each associated with less decline in the same quantity over 

Years 6-10, suggesting an effect of regression to the mean; these relationships are presented 

graphically in Figure 21. Declines in all characteristics over Years 1-6 were associated with greater 

declines in hip BMD over Years 6-10 with stronger associations observed for ALM and fat mass; 

graphical illustrations of these relationships are presented in Figure 22. Results were similar when 

these temporal correlations were stratified according to both sex and race (Appendix 23 - 

Appendix 26). These associations described above were robust to adjustment for sex, race, age 

and diet quality (Table 25). Declines in ALM over Years 1-6 were correlated with declines in grip 

strength and gait speed over Years 6-10 and declines in grip strength over Years 1-6 were 

correlated with declines in gait speed over Years 6-10 (Table 24); however these correlations were 

weak (r<0.11). 

The methods corresponding to these results are included in Section 2.6.4.2. 
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Table 24: Pearson correlations between changes in LMS z-scores over Years 1-6 in relation to 

changes in LMS z-scores over Years 6-10 

 Changes in LMS 
z-scores over 
Years 6-10 

Changes in LMS z-scores over Years 1-6 

Grip 
strength 

Gait 
speed ALM Fat 

mass 
Hip 
BMD 

Grip strength -0.33 0.02 0.10 0.05 0.01 
P-value <0.001 0.372 <0.001 0.030 0.596 
         
Gait speed 0.09 -0.19 0.06 0.04 0.09 
P-value <0.001 <0.001 0.009 0.145 <0.001 
         
ALM 0.01 -0.03 0.01 0.08 0.01 
P-value 0.572 0.180 0.832 <0.001 0.791 
         
Fat mass -0.04 0.00 0.04 0.03 0.06 
P-value 0.119 0.931 0.072 0.172 0.012 
         
Hip BMD 0.08 0.08 0.18 0.16 0.12 
P-value <0.001 <0.001 <0.001 <0.001 <0.001 

      
BMD: Bone mineral density; ALM: Appendicular lean mass 

Change in gait speed was derived over Years 2-6 and Years 6-10; change in hip 
BMD was derived over Years 1-5 and Years 5-10 

Change measures were ascertained by applying linear mixed effects models to z-
scores (derived from generalised additive models for location, scale and shape) 
and extracting random slopes 

Correlations between sex-specific z-scores for these change measures are 
presented 

Participants with at least one change measure from both Years 1-6 and Years 6-10 
were included (n=1766); each change measure requires values of the 
characteristic at two or more time-points over the interval of assessment 

Significant correlations (p<0.05) are in bold; correlations where r>0.3 are in bold 
and underlined 
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Figure 21: SD difference in grip strength and gait speed change over Years 6-10 according to 

tertile of decline in each characteristic over Years 1-6 

 

Change measures were ascertained by applying linear mixed effects models to z-scores (derived from 

generalised additive models for location, scale and shape) and extracting random slopes 
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Figure 22: SD difference in hip BMD over Years 6-10 according to tertile of decline in each 

characteristic over Years 1-6 

 

Change measures were ascertained by applying linear mixed effects models to z-scores (derived from 

generalised additive models for location, scale and shape) and extracting random slopes 
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Table 25: Changes in LMS z-scores from Years 1-6 in relation to changes in LMS z-scores from 

Years 6-10   

Predictor 
(change from 
Years 1-6) 

Outcome 
(change from 
Years 6-10) 

Adjustments 

None Four-level sex-race variable, age 
and diet quality 

Estimate (95% CI) P-value Estimate (95% CI) P-value 

Grip strength Grip strength -0.31 (-0.35,-0.27) <0.001 -0.31 (-0.36,-0.27) <0.001 

Gait speed Gait speed -0.19 (-0.23,-0.14) <0.001 -0.18 (-0.23,-0.14) <0.001 

Grip strength Hip BMD 0.08 (0.04,0.13) 0.001 0.08 (0.03,0.12) 0.001 

Gait speed Hip BMD 0.08 (0.03,0.13) 0.001 0.09 (0.04,0.14) <0.001 

ALM Hip BMD 0.18 (0.13,0.22) <0.001 0.19 (0.15,0.24) <0.001 

Fat mass Hip BMD 0.17 (0.12,0.22) <0.001 0.17 (0.11,0.22) <0.001 

Hip BMD Hip BMD 0.13 (0.08,0.18) <0.001 0.11 (0.06,0.16) <0.001 

      
BMD: Bone mineral density; ALM: Appendicular lean mass 

Change in gait speed was derived over Years 2-6 and Years 6-10; change in hip BMD was derived over 
Years 1-5 and Years 5-10  

Change measures were ascertained by applying linear mixed effects models to z-scores (derived from 
generalised additive models for location, scale and shape) and extracting random slopes 

Estimates represent SD difference in outcomes per SD increase in predictor (sex-specific z-scores used 
for change measures)  

 

3.4.4 Principal component analysis of changes in characteristics 

To explore whether changes in characteristics occurred together or with some characteristics 

declining more than others, a principal component analysis of the change measures over Years 1-

10 was implemented. The methods corresponding to these results are included in Section 2.6.4.3. 

The first and second principal components explained 38% and 21% of the total variance 

respectively (Figure 23). The loadings of each characteristic for these two principal components 

are presented in Figure 24. The first component reflects the extent to which participants 

experienced overall declines regarding the set of characteristics with the highest loadings for 

declines in body composition parameters and the lowest loading for gait speed decline. The 

second component reflects a contrast in the rates of decline in ALM and fat mass in comparison to 

the rates of decline in grip strength and gait speed.
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Figure 23: Proportion of variance explained by each principal component 

 

The principal component analysis was restricted to participants with complete data on all change measures 

(n= 2574); each change measure requires values of the characteristic at two or more time-points from Years 

1-10 

 

Figure 24: Principal component loadings for each characteristic 

 

The principal component analysis was restricted to participants with complete data on all change measures 

(n= 2574); each change measure requires values of the characteristic at two or more time-points from Years 

1-10 
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3.4.5 Convergence problems using bivariate dual change score models 

Bivariate dual change score models were implemented for each pair of characteristics (10 pairs in 

total) out of grip strength, gait speed, ALM, fat mass and hip BMD. However, despite the use of 

different samples (pooled and sex-specific), units for analyses (original units, LMS z-scores and z-

scores derived from baseline mean and variance values) and estimation methods (maximum 

likelihood and unweighted least squares), at least 50% of the models failed to converge in all 

scenarios (Table 26). Problems included local, rather than global, solutions to maximum likelihood 

estimates of parameters and estimation of non-symmetric hessian matrices and non-positive 

definite covariance matrices for latent variables and the set of estimated parameters. The high 

number of models with convergence problems could be due to a lack of variation within or 

between individuals for some of the characteristics examined, resulting in estimation of variance 

parameters close to zero. This is suggested by the fact that the majority of models that failed to 

converge contained hip BMD, the characteristic with the lowest within- and between-individual 

variation in longitudinal change.  

The methods corresponding to these results are included in Section 2.6.4.4. 

 

Table 26: Number of bivariate dual change score models that failed to converge (out of 10) 

depending on the sample, units for analysis and estimation method 

Sample Units for 
analysis 

Estimation method 
Maximum likelihood Unweighted least squares 

Pooled 
sample 
(men and 
women) 

LMS z-scores 10 7 
Original units 7 10 

Z-scores* 5 6 

    

Men 
LMS z-scores 10 9 
Original units 7 10 
Z-scores* 8 8 

    

Women 
LMS z-scores 7 8 
Original units 8 10 
Z-scores* 6 10 

    
LMS z-scores were derived from generalised additive models for location, scale and shape 

*Derived at each time-point using the sex-specific mean and standard deviation at Year 2 (Year 
1 for hip BMD) 
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3.4.6 Interpretation of bivariate dual change score models which converged 

The proportion of models that converged was highest (50%) when models were applied to the 

entire sample of men and women with sex-specific z-scores (calculated using the mean and 

standard deviation at baseline) as the units of analysis and maximum likelihood as the estimation 

method (Table 26). For completeness, the parameter estimates from the five models which 

converged in this scenario are presented in Appendix 42-Appendix 46. Changes in grip strength 

were positively correlated with subsequent changes in gait speed and fat mass but not vice versa. 

There were no temporal correlations between changes in grip strength and ALM. Changes in ALM 

were positively correlated with subsequent changes in gait speed but not vice versa. Changes in 

ALM were positively correlated with future changes in fat mass and changes in fat mass were also 

positively correlated with changes in ALM (p<0.001 for all associations listed above).  

The methods corresponding to these results are included in Section 2.6.4.4. 

 

3.4.7 Summary of findings 

Significant and positive correlations between most change measures suggest that declines in 

these characteristics occur together. This is also supported by findings from the principal 

component analysis of the change measures where the first component reflected the extent to 

which participants experienced overall declines in the characteristics examined. However, the 

second component reflected a contrast between the extent of declines in body composition 

parameters versus declines in muscle strength and function. The strongest correlations were 

observed between changes in ALM, fat mass and hip BMD.  

Regarding the temporal correlations between changes in LMS z-scores, declines in ALM preceded 

declines in grip strength and gait speed; declines in grip strength preceded declines in gait speed; 

and declines in all characteristics preceded declines in hip BMD. However, the magnitude of these 

temporal correlations were weak (0.06<r<0.18). Some of these associations differed compared to 

the temporal correlations estimated from bivariate dual change score models. For example, 

according to these models, there were no temporal correlations between changes in grip strength 

and ALM and greater declines in grip strength were related to greater subsequent declines in fat 

mass. One possible reason for these differences is the use of different units of analysis: z-scores 

standardised using the baseline mean and SD for the bivariate dual change score models as 

opposed to using LMS z-scores. Another possible reason is that the bivariate dual change score 

models only detect temporal correlations between changes in characteristics that are 
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independent of associations between prior levels and subsequent changes in characteristics and 

independent of associations between prior changes and subsequent changes in the same 

characteristic. 

 

3.5 Level and change in characteristics and risk of adverse health 

outcomes 

3.5.1 Subsection summary 

Section 3.5 presents results in relation to the following objective of this thesis: to examine level 

and change in musculoskeletal and body composition characteristics in relation to risk of adverse 

health outcomes. The main results directly relating to this objective are included in Section 3.5.3 - 

3.5.7; additional results on the impact of changes in characteristics on risk of outcomes after 

accounting for current measures and on the combined impact of levels and changes in 

characteristics on risk of outcomes are outlined in Sections 3.5.9 - 3.5.11. This section ends with a 

summary of these findings (Section 3.5.12). 

All models were adjusted for the sex-race variable and age. As explained in Section 2.6.5.6, 

survival analysis models for level were additionally adjusted for height, weight-for-height residual 

(except for ALM and fat mass due to collinearity), physical activity, alcohol consumption, diet 

quality, education and number of systems medicated; models for change were only additionally 

adjusted for diet quality.  

3.5.2 Descriptive statistics for adverse health outcomes 

Descriptive statistics for the survival analysis of adverse health outcomes with grip strength level 

and change as indicative exposures are presented in Table 27. These descriptive statistics differed 

slightly depending on the musculoskeletal or body characteristic used for the survival analysis as 

the time-points the characteristic was ascertained and occurrence of missing values for the 

characteristic would affect the start of the follow-up time for each participant in the analysis. 

However, as shown in Appendix 27 - Appendix 30, these descriptive statistics were similar for 

survival analyses where the exposure was level and change in participant characteristics other 

than grip strength. 
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Median age at the start of follow-up was 78.1 years. Median follow-up time (number of years to 

the first event or until participants were censored by end of follow-up) was greater for death (9.0) 

and fragility fracture (7.7) compared to hospital admission (2.5) or falls (2.1).  

Compared to women, a significantly (p<0.05) higher proportion of men died (70.3% vs 57.2%) or 

had a hospital admission (84.8% vs 82.0%); a higher proportion of women had fragility fractures 

(19.9% vs 9.8%) and falls (74.9% vs 62.4%). Compared to white participants, a higher proportion 

of black participants died (p<0.05) but a lower proportion experienced fragility fractures (p<0.001) 

and falls (p<0.001), whilst proportions admitted to hospital were similar; this was the case among 

men and women. Death was a competing event for fragility fracture considerably more often than 

for hospital admission due to both the lower prevalence of fragility fractures compared to 

hospital admissions and the rarity of dying without having had any hospital admissions. Before the 

start of follow-up (when participants were regarded as not being at risk of adverse events in the 

survival analysis), the prevalence of fragility fractures was much lower than that for hospital 

admissions and falls. 
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Table 27: Descriptive statistics for the survival analysis of adverse health outcomes with grip strength level and change as indicative exposures 

Characteristic [N(%) or median 
(lower quartile, upper quartile)] 

All  
(n=2861) 

White men 
(n=897) 

Black men  
(n=498) 

Men 
(n=1395) 

White women 
(n=813) 

Black women 
(n=653) 

Women 
(n=1466) 

Age at start of follow-up 78.1 (76.0, 80.6) 78.6 (76.2, 80.9) 77.8 (75.5, 80.2)* 78.3 (76.0, 80.7) 78.3 (76.1, 80.7) 77.5 (75.8, 80.1)* 78.0 (76.0, 80.5) 
        

Follow-up time        

Death 9.0 (4.4, 11.6) 8.4 (3.9, 11.5) 6.5 (2.2, 11.3)* 7.7 (3.3, 11.5) 10.5 (6.4, 11.7) 9.3 (4.8, 11.6)* 10.1 (5.7, 11.7) 
Fragility fracture 7.7 (3.2, 9.7) 7.6 (3.2, 9.6) 6.2 (2.2, 9.6)* 7.2 (2.8, 9.6) 8.1 (3.5, 9.7) 8.2 (3.9, 9.8) 8.2 (3.8, 9.7) 
Hospital admission 2.5 (1.0, 5.9) 2.3 (0.9, 5.3) 1.9 (0.8, 4.3) 2.1 (0.8, 5.0) 3.2 (1.3, 7.1) 2.9 (1.1, 6.4) 3.0 (1.2, 6.9) 
Fall 2.1 (0.7, 4.9) 2.2 (0.8, 5.0) 2.1 (1.0, 5.2) 2.1 (0.9, 5.0) 1.8 (0.6, 4.7) 2.3 (0.7, 5.0) 2.0 (0.6, 4.8) 
        

Occurrence during follow-up        

Death 1818 (63.5%) 609 (67.9%) 371 (74.5%)* 980 (70.3%) 446 (54.9%) 392 (60.0%)* 838 (57.2%) 
Fragility fracture 416 (14.9%) 110 (12.6%) 25 (5.0%)* 135 (9.8%) 212 (27.2%) 69 (10.9%)* 281 (19.9%) 
Hospital admission 2385 (83.4%) 768 (85.6%) 415 (83.3%) 1183 (84.8%) 668 (82.2%) 534 (81.8%) 1202 (82.0%) 
Fall 1737 (69.0%) 538 (67.4%) 204 (52.0%)* 742 (62.4%) 600 (79.7%) 395 (68.6%)* 995 (74.9%) 
        

Competing risk variable (fragility fracture)       

No fracture or death 1097 (39.3%) 338 (38.6%) 160 (32.2%)* 498 (36.3%) 316 (40.5%) 283 (44.6%)* 599 (42.3%) 
Death and no fracture** 1275 (45.7%) 428 (48.9%) 312 (62.8%)* 740 (53.9%) 252 (32.3%) 283 (44.6%)* 535 (37.8%) 
Fracture 416 (14.9%) 110 (12.6%) 25 (5.0%)* 135 (9.8%) 212 (27.2%) 69 (10.9%)* 281 (19.9%) 
        

Competing risk variable (hospital admission)       

No admission or death 322 (11.3%) 77 (8.6%) 41 (8.2%) 118 (8.5%) 114 (14.0%) 90 (13.8%) 204 (13.9%) 
Death and no admission** 154 (5.4%) 52 (5.8%) 42 (8.4%) 94 (6.7%) 31 (3.8%) 29 (4.4%) 60 (4.1%) 
Admission 2385 (83.4%) 768 (85.6%) 415 (83.3%) 1183 (84.8%) 668 (82.2%) 534 (81.8%) 1202 (82.0%) 
        

Prevalence before follow-up†        
Fragility fracture 134 (4.8%) 26 (3.0%) 6 (1.2%)* 32 (2.3%) 73 (9.4%) 29 (4.6%)* 102 (7.2%) 
Hospital admission 1302 (45.5%) 453 (50.5%) 234 (47.0%) 687 (49.2%) 319 (39.2%) 296 (45.3%)* 615 (42.0%) 
Fall 1551 (61.6%) 482 (60.4%) 177 (45.2%)* 659 (55.4%) 540 (71.7%) 352 (61.1%)* 892 (67.1%) 
N(%) relate to the number and proportion of participants experiencing the corresponding event 
There were statistically significant sex differences (p<0.05) between all characteristics apart from age at the start of follow-up 
*Statistically significant racial differences within sex (p<0.05) 
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**Represent competing events as death prevents the failure event of interest from occurring 
†Events occurring before participants were regarded as being at risk of adverse events in the survival analyses 
274 (65.9%) of those who had a fracture during follow-up also died during follow-up; figures for hospital admission and falls were 1613 (67.6%) and 1012 (58.3%) 
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3.5.3 Grip strength level and change in relation to adverse outcomes 

Associations between grip strength level and change in relation to risk of mortality, fragility 

fracture, hospital admission and falls are presented in Figure 25 and Table 28. In Cox models, 

lower grip strength was associated with increased risk of all adverse events; greater grip strength 

decline was related to higher risk of mortality and hospital admission. Associations from Cox and 

competing risk models were similar. 

The methods corresponding to results in Sections 3.5.3 - 3.5.7 are included in Sections 2.6.5.1 - 

2.6.5.7. 

 

Figure 25: Risk of adverse outcome per SD decrease in grip strength level and per SD increase in 

grip strength decline 

 

Mean level and change were calculated using data from Years 1, 2, 4 and 6 

Change measure was ascertained by applying linear mixed effects models to z-scores (derived from 
generalised additive models for location, scale and shape) and extracting random slopes 

Models for level were adjusted for sex, race, age, height, weight-for-height residual, alcohol consumption, 
physical activity, diet quality, education and number of systems medicated; models for change were 
adjusted for sex, race, age and diet quality 

For fragility fractures, hospital admissions and falls, an indicator variable for the corresponding outcomes 
occurring before follow-up was used as the stratification variable in Cox models  
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0.9 1.0 1.1 1.2 1.3 1.4

Hazard ratio (95% CI)

Lower level Greater decline*p<0.05, **p<0.01, ***p<0.001
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Table 28: Risk of adverse outcomes per SD decrease in grip strength level and per SD increase in grip strength decline 

Outcome Model 
Mean grip strength level over Years 1-6 (z-score)* Grip strength decline over Years 1-6 (z-score)** 

Stratified Cox model Competing risk model Stratified Cox model Competing risk model 
HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value 

Death 
1 1.22 (1.16,1.28) <0.001   1.16 (1.11,1.22) <0.001   

2 1.25 (1.18,1.32) <0.001   1.15 (1.10,1.21) <0.001   
          

Fragility 
fracture 

1 1.20 (1.08,1.34) 0.001 1.12 (1.01,1.24) 0.029 1.04 (0.95,1.15) 0.386 0.99 (0.90,1.09) 0.867 

2 1.22 (1.08,1.38) 0.001 1.13 (1.01,1.27) 0.040 1.04 (0.94,1.15) 0.418 0.99 (0.90,1.10) 0.883 
          

Hospital 
admission 

1 1.17 (1.12,1.23) <0.001 1.14 (1.09,1.19) <0.001 1.07 (1.02,1.11) 0.002 1.05 (1.00,1.09) 0.030 

2 1.21 (1.15,1.27) <0.001 1.18 (1.12,1.24) <0.001 1.06 (1.02,1.11) 0.006 1.04 (1.00,1.09) 0.044 
          

Fall† 
1 1.13 (1.07,1.19) <0.001   1.04 (0.99,1.08) 0.137   

2 1.13 (1.07,1.20) <0.001   1.03 (0.98,1.08) 0.256   
 

HR: Hazard ratio     SD: Standard deviation       *Calculated from all available data from Years 1, 2, 4 and 6 

**Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and 
extracting random slopes 
An indicator variable for the corresponding outcomes occurring before follow-up was used as the stratification variable in Cox models for 
fragility fracture, hospital admission and falls and as an adjustment in competing risk models for fragility fracture and hospital admission 
Model 1: Adjusted for the four-level sex-race variable and age 
Model 2: Models for level were additionally adjusted for height, weight-for-height residual, physical activity, alcohol consumption, diet quality, 
education and number of systems medicated; models for change were additionally adjusted for diet quality 
†Competing risk analysis for falls was not possible as competing events (deaths occurring before an individual’s first fall) would only occur after 
the censoring date (latest date at which they had experienced no falls and had complete data for previous fall questions). 

Significant associations (p<0.05) are highlighted in bold and red 
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3.5.4 Gait speed level and change in relation to adverse outcomes 

Relationships between gait speed level and change and risk of adverse health outcomes are 

shown in Figure 26 and Table 29. Apart from the non-significant association between gait speed 

decline and risk of fragility fracture, lower level and greater loss of gait speed were each 

associated with increased risk of all outcomes in Cox models. The relationship between gait speed 

level and risk of fragility fracture was not robust in the competing risk model. 

 

Figure 26: Risk of adverse outcome per SD decrease in gait speed level and per SD increase in 

gait speed decline 

 

Mean level and change were calculated using data from Years 2, 3, 4, 5 and 6 

Change measure was ascertained by applying linear mixed effects models to z-scores (derived from 
generalised additive models for location, scale and shape) and extracting random slopes 

Models for level were adjusted for sex, race, age, height, weight-for-height residual, physical activity, 
alcohol consumption, diet quality, education and number of systems medicated; models for change were 
adjusted for sex, race, age and diet quality 

For fragility fractures, hospital admissions and falls, an indicator variable for the corresponding outcomes 
occurring before follow-up was used as the stratification variable in Cox models 
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Table 29: Risk of adverse outcomes per SD decrease in gait speed level and per SD increase in gait speed decline 

Outcome Model 
Mean gait speed level over Years 1-6 (z-score)* Gait speed decline over Years 1-6 (z-score)** 

Stratified Cox model Competing risk model Stratified Cox model Competing risk model 
HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value 

Death 
1 1.50 (1.42,1.59) <0.001   1.19 (1.14,1.25) <0.001   

2 1.54 (1.45,1.63) <0.001   1.19 (1.13,1.24) <0.001   
          

Fragility 
fracture 

1 1.14 (1.02,1.28) 0.021 1.02 (0.91,1.14) 0.728 1.09 (0.99,1.20) 0.076 1.02 (0.93,1.13) 0.608 

2 1.19 (1.05,1.34) 0.006 1.04 (0.93,1.17) 0.514 1.09 (0.99,1.20) 0.082 1.03 (0.93,1.13) 0.604 
          

Hospital 
admission 

1 1.26 (1.20,1.33) <0.001 1.23 (1.17,1.29) <0.001 1.17 (1.12,1.22) <0.001 1.15 (1.10,1.20) <0.001 

2 1.27 (1.21,1.34) <0.001 1.24 (1.17,1.31) <0.001 1.16 (1.11,1.21) <0.001 1.14 (1.09,1.19) <0.001 
          

Fall 
1 1.17 (1.11,1.24) <0.001   1.13 (1.08,1.18) <0.001   

2 1.16 (1.09,1.24) <0.001   1.13 (1.07,1.18) <0.001   
 

HR: Hazard ratio     SD: Standard deviation 

*Calculated from all available data from Years 2, 3, 4, 5 and 6 
**Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and 
extracting random slopes 
An indicator variable for the corresponding outcomes occurring before follow-up was used as the stratification variable in Cox models for 
fragility fracture, hospital admission and falls and as an adjustment in competing risk models for fragility fracture and hospital admission 
Model 1: Adjusted for the four-level sex-race variable and age 
Model 2: Models for level were additionally adjusted for height, weight-for-height residual, physical activity, alcohol consumption, diet quality, 
education and number of systems medicated; models for change were additionally adjusted for diet quality 
†Competing risk analysis for falls was not possible as competing events (deaths occurring before an individual’s first fall) would only occur after 
the censoring date (latest date at which they had experienced no falls and had complete data for previous fall questions). 

Significant associations (p<0.05) are highlighted in bold and red 
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3.5.5 ALM level and change in relation to adverse outcomes 

Figure 27 and Table 30 present associations between level and change in ALM and risk of 

subsequent adverse events. In Cox models, lower ALM was related to higher risk of mortality and 

fragility fracture whereas greater decline in ALM was related to increased risk of mortality, 

hospital admission and falls. The association between ALM level and fragility fracture was not 

significant in competing risk models. 

 

Figure 27: Risk of adverse outcome per SD decrease in ALM level and per SD increase in ALM 

decline 

 

Mean level and change were calculated using data from Years 1, 2, 3, 4, 5 and 6 

Change measure was ascertained by applying linear mixed effects models to z-scores (derived from 
generalised additive models for location, scale and shape) and extracting random slopes 

Models for level were adjusted for sex, race, age, height, physical activity, alcohol consumption, diet quality, 
education and number of systems medicated; models for change were adjusted for sex, race, age and diet 
quality 

For fragility fractures, hospital admissions and falls, an indicator variable for the corresponding outcomes 
occurring before follow-up was used as the stratification variable in Cox models  
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Table 30: Risk of adverse outcomes per SD decrease in ALM level and per SD increase in ALM decline 

Outcome Model 
Mean ALM level over Years 1-6 (z-score)* ALM decline over Years 1-6 (z-score)** 

Stratified Cox model Competing risk model Stratified Cox model Competing risk model 
HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value 

Death 
1 1.13 (1.08,1.19) <0.001   1.20 (1.15,1.26) <0.001   

2 1.18 (1.10,1.26) <0.001   1.20 (1.14,1.26) <0.001   
          

Fragility 
fracture 

1 1.16 (1.03,1.31) 0.016 1.10 (0.97,1.24) 0.128 1.06 (0.96,1.17) 0.244 0.99 (0.91,1.09) 0.869 

2 1.18 (1.02,1.37) 0.024 1.11 (0.96,1.29) 0.149 1.07 (0.97,1.18) 0.202 1.00 (0.91,1.10) 0.994 
          

Hospital 
admission 

1 1.03 (0.98,1.07) 0.288 1.02 (0.97,1.06) 0.48 1.11 (1.06,1.16) <0.001 1.10 (1.05,1.14) <0.001 

2 1.05 (1.00,1.11) 0.071 1.05 (0.99,1.11) 0.097 1.10 (1.06,1.15) <0.001 1.09 (1.04,1.14) <0.001 
          

Fall 
1 1.00 (0.95,1.06) 0.875   1.08 (1.03,1.14) 0.001   

2 1.00 (0.93,1.06) 0.898   1.08 (1.03,1.14) 0.002   
 

HR: Hazard ratio     SD: Standard deviation 

*Calculated from all available data from Years 1, 2, 3, 4, 5 and 6 
**Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and 
extracting random slopes 
An indicator variable for the corresponding outcomes occurring before follow-up was used as the stratification variable in Cox models for 
fragility fracture, hospital admission and falls and as an adjustment in competing risk models for fragility fracture and hospital admission 
Model 1: Adjusted for the four-level sex-race variable and age 
Model 2: Models for level were additionally adjusted for height, physical activity, alcohol consumption, diet quality, education and number of 
systems medicated; models for change were additionally adjusted for diet quality 
†Competing risk analysis for falls was not possible as competing events (deaths occurring before an individual’s first fall) would only occur after 
the censoring date (latest date at which they had experienced no falls and had complete data for previous fall questions). 

Significant associations (p<0.05) are highlighted in bold and red 
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3.5.6 Fat mass level and change in relation to adverse outcomes 

Relationships between fat mass level and change and risk of adverse outcomes are shown in 

Figure 28 and Table 31. As was the case for ALM, lower levels were related to increased risk of 

mortality and fragility fracture and greater declines were associated with increased risk of 

mortality and hospital admission in Cox models. Relationships were similar in both Cox and 

competing risk models. 

 

Figure 28: Risk of adverse outcome per SD decrease in fat mass level and per SD increase in fat 

mass decline 

 

Mean level and change were calculated using data from Years 1, 2, 3, 4, 5 and 6 

Change measure was ascertained by applying linear mixed effects models to z-scores (derived from 
generalised additive models for location, scale and shape) and extracting random slopes 

Models for level were adjusted for sex, race, age, height, physical activity, alcohol consumption, diet quality, 
education and number of systems medicated; models for change were adjusted for sex, race, age and diet 
quality 

For fragility fractures, hospital admissions and falls, an indicator variable for the corresponding outcomes 
occurring before follow-up was used as the stratification variable in Cox models  
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Table 31: Risk of adverse outcomes per SD decrease in fat mass level and per SD increase in fat mass decline 

Outcome Model 
Mean fat mass level over Years 1-6 (z-score)* Fat mass decline over Years 1-6 (z-score)** 

Stratified Cox model Competing risk model Stratified Cox model Competing risk model 
HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value 

Death 
1 1.14 (1.08,1.19) <0.001   1.20 (1.14,1.26) <0.001   

2 1.15 (1.09,1.21) <0.001   1.19 (1.14,1.25) <0.001   
          

Fragility 
fracture 

1 1.22 (1.09,1.36) <0.001 1.16 (1.04,1.30) 0.009 1.10 (1.00,1.22) 0.061 1.02 (0.93,1.12) 0.680 

2 1.22 (1.08,1.37) 0.001 1.16 (1.03,1.31) 0.014 1.09 (0.98,1.21) 0.111 1.01 (0.91,1.11) 0.866 
          

Hospital 
admission 

1 1.02 (0.98,1.07) 0.291 1.01 (0.97,1.05) 0.728 1.08 (1.04,1.13) <0.001 1.08 (1.03,1.12) 0.001 

2 1.03 (0.99,1.08) 0.155 1.02 (0.97,1.07) 0.403 1.07 (1.02,1.11) 0.005 1.06 (1.01,1.11) 0.011 
          

Fall 
1 0.97 (0.92,1.02) 0.243   1.03 (0.98,1.08) 0.257   

2 0.97 (0.92,1.03) 0.283   1.02 (0.97,1.07) 0.481   
 

HR: Hazard ratio     SD: Standard deviation 

*Calculated from all available data from Years 1, 2, 3, 4, 5 and 6 
**Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and 
extracting random slopes 
An indicator variable for the corresponding outcomes occurring before follow-up was used as the stratification variable in Cox models for 
fragility fracture, hospital admission and falls and as an adjustment in competing risk models for fragility fracture and hospital admission 
Model 1: Adjusted for the four-level sex-race variable and age 
Model 2: Models for level were additionally adjusted for height, physical activity, alcohol consumption, diet quality, education and number of 
systems medicated; models for change were additionally adjusted for diet quality 
†Competing risk analysis for falls was not possible as competing events (deaths occurring before an individual’s first fall) would only occur after 
the censoring date (latest date at which they had experienced no falls and had complete data for previous fall questions). 

Significant associations (p<0.05) are highlighted in bold and red 
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3.5.7 Hip BMD level and change in relation to adverse outcomes 

Associations between hip BMD level and change in relation to risk of adverse health events are 

presented in Figure 29 and Table 32. In Cox models, lower level and accelerated loss of hip BMD 

were associated with greater risk of mortality, fragility fracture and hospital admission; greater 

decline was also related to increased falls risk. Results from competing risk models were similar 

apart from a weakening of the association between hip BMD change and risk of fragility fracture. 

 

Figure 29: Risk of adverse outcome per SD decrease in hip BMD level and per SD increase in hip 

BMD decline 

 

Mean level and change were calculated using data from Years 1, 3 and 5 

Change measure was ascertained by applying linear mixed effects models to z-scores (derived from 
generalised additive models for location, scale and shape) and extracting random slopes 

Models for level were adjusted for sex, race, age, height, weight-for-height residual, physical activity, 
alcohol consumption, diet quality, education and number of systems medicated; models for change were 
adjusted for sex, race, age and diet quality 

For fragility fractures, hospital admissions and falls, an indicator variable for the corresponding outcomes 
occurring before follow-up was used as the stratification variable in Cox models  
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Table 32: Risk of adverse outcomes per SD decrease in hip BMD level and per SD increase in hip BMD decline 

Outcome Model 
Mean hip BMD level over Years 1-6 (z-score)* Hip BMD decline over Years 1-6 (z-score)** 

Stratified Cox model Competing risk model Stratified Cox model Competing risk model 
HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value 

Death 
1 1.13 (1.07,1.20) <0.001   1.25 (1.19,1.32) <0.001   

2 1.09 (1.03,1.17) 0.006   1.23 (1.17,1.30) <0.001   
          

Fragility 
fracture 

1 1.88 (1.67,2.11) <0.001 1.77 (1.57,2.00) <0.001 1.17 (1.06,1.30) 0.002 1.10 (0.99,1.22) 0.071 

2 2.01 (1.75,2.31) <0.001 1.89 (1.64,2.19) <0.001 1.16 (1.05,1.29) 0.005 1.09 (0.98,1.21) 0.096 
          

Hospital 
admission 

1 1.06 (1.02,1.11) 0.008 1.07 (1.02,1.11) 0.007 1.08 (1.04,1.13) 0.001 1.06 (1.01,1.11) 0.012 

2 1.09 (1.03,1.15) 0.004 1.08 (1.03,1.14) 0.004 1.08 (1.04,1.14) 0.001 1.06 (1.01,1.11) 0.014 
          

Fall 
1 1.02 (0.97,1.07) 0.548   1.09 (1.04,1.15) <0.001   

2 1.04 (0.98,1.10) 0.202   1.09 (1.04,1.15) 0.001   
 

HR: Hazard ratio     SD: Standard deviation 

*Calculated from all available data from Years 1, 3 and 5. 
**Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and 
extracting random slopes 
An indicator variable for the corresponding outcomes occurring before follow-up was used as the stratification variable in Cox models for 
fragility fracture, hospital admission and falls and as an adjustment in competing risk models for fragility fracture and hospital admission 
Model 1: Adjusted for the four-level sex-race variable and age 
Model 2: Models for level were additionally adjusted for height, weight-for-height residual, physical activity, alcohol consumption, diet quality, 
education and number of systems medicated; models for change were additionally adjusted for diet quality 
†Competing risk analysis for falls was not possible as competing events (deaths occurring before an individual’s first fall) would only occur after 
the censoring date (latest date at which they had experienced no falls and had complete data for previous fall questions). 

Significant associations (p<0.05) are highlighted in bold and red 
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3.5.8 Sensitivity analyses 

Along with the main analysis, the following sensitivity analyses were performed: models for level 

adjusted for the change parameter and vice versa; analysis restricted to individuals with complete 

data from Years 1-6 for each parameter in turn; additionally adjusted for baseline characteristics 

associated with risk of at least two adverse outcomes to improve precision; and assessment of 

non-linear relationships between level and change exposures and risk of adverse outcomes by 

examining statistical significance and effect size of quadratic terms for these exposures. Results 

that describe the relationship between baseline characteristics and risk of adverse outcomes are 

presented in the next section as this information informs some of the sensitivity analyses, results 

of which are presented in Section 3.5.8.2. 

The methods for examining the relationship between baseline characteristics and adverse 

outcomes is outlined in Section 2.6.5.8 and methods for the sensitivity analyses are included in 

Section 2.6.5.9. 

 

3.5.8.1 Baseline characteristics in relation to risk of adverse outcomes 

Associations between baseline participant characteristics and risk of each adverse health outcome 

were explored for completeness and to determine the characteristics to adjust for to improve 

precision in sensitivity analysis. A summary of the associations between baseline characteristics 

and each adverse outcome is presented in Table 33 with a detailed presentation of all 

relationships in Appendix 31 – Appendix 34.  

Older age was associated with increased risk of all adverse outcomes; greater weight-for-height 

residual was related to reduced risk of death and fragility fracture but increased risk of falls (after 

adjustment for previous falls); ever smoking was associated with increased risk of mortality and 

hospital admission; and lower physical activity only predicted increased risk of mortality. Lower 

educational attainment was related to greater risk of mortality but reduced fall risk and not 

owner occupying one’s home was associated with increased risk of mortality, fragility fracture and 

hospital admission. A higher number of systems medicated was related to greater risk of all 

adverse outcomes apart from fragility fractures. All associations described above were significant 

(p<0.05) in mutually-adjusted analyses.  

As outlined in Section 2.6.5.6, for the main analysis, models relating levels of musculoskeletal and 

body composition parameters to risk of adverse outcomes were adjusted for the four-level sex-
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race variable, age and the baseline characteristics that were related to the levels of two or more 

of the musculoskeletal and body composition parameters in mutually-adjusted analysis; an 

analogous approach was used when the predictor was change in the parameter. Therefore, 

models for level were additionally adjusted for height, weight-for-height residual (not included for 

ALM and fat mass due to collinearity), alcohol consumption, physical activity, diet quality, 

educational attainment and number of systems medicated whereas models for change were only 

additionally adjusted for diet quality.  

Part of the sensitivity analysis involved further adjustment for baseline characteristics that were 

associated with risk of at least two adverse outcomes in mutually-adjusted analysis, irrespective 

of their association with the musculoskeletal and body composition parameters. Therefore, for 

this sensitivity analysis, models for level were additionally adjusted for smoking status and 

housing tenure whereas models for change were additionally adjusted for weight-for-height 

residual, smoking status, educational attainment, housing tenure and number of systems 

medicated. All models included the four-level sex-race variable and age as adjustments. 
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Table 33: Baseline participant characteristics in relation to risk of adverse health outcomes 

(pooled and adjusted for age, sex and race) 

Baseline characteristic 
Death Fragility 

fracture 
Hospital 

admission Falls   

Cox*  Cox* CR** Cox* CR** Cox* 

Older age             

Shorter height         
    

Greater weight-for-
height residual † † †   

  
  

Ever smoked           
  

Higher alcohol 
consumption †       

    

Lower physical activity         
    

Lower Healthy Eating 
Index         

    

Lower educational 
attainment     †   

  
† 

Not owner occupying 
one's home             

Higher number of 
systems medicated             

 
    

  

  Significant (p<0.05) after adjustment for age, sex and 
race 

  Significant (p<0.05 )in mutually-adjusted analysis 
*Cox model       **Competing risk model 
† Baseline characteristic was associated with reduced risk of the adverse event; all 
other associations reflect increases in risk 

 

3.5.8.2 Results from sensitivity analyses 

Overall, results from the various sensitivity analyses were similar to those from the main analysis 

as shown by the comparison of results in Table 34. The sensitivity analysis results that differed 

most from the main results were those that were restricted to individuals with complete data 

from Years 1-6 which yielded fewer robust associations. This may be because individuals excluded 

from the restricted analyses include those leaving the study early with poor health who are more 
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likely to have lower levels and accelerated declines in musculoskeletal and body composition 

parameters along with increased risk of poor health outcomes. Therefore, excluding these 

individuals is likely to underestimate the magnitude of the associations between the 

musculoskeletal and body composition parameters and adverse health outcomes.  

Quadratic effects of levels and changes in grip strength and gait speed were either non-significant 

or small in magnitude. Some significant quadratic effects were observed for levels and changes in 

ALM, fat mass and hip BMD in relation to risk of mortality and hospital admission, suggesting that 

the rate of increase in the risk of these events was somewhat greater with progressively lower 

levels and greater declines in these parameters. Detailed results for all sensitivity analyses are 

provided in Appendix 35 – Appendix 41.
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Table 34: Level and change in musculoskeletal and body composition parameters in relation to 

risk of adverse health outcomes (main results and sensitivity analyses) 

Analyses Parameter Predictor 
Death Fragility 

fracture 
Hospital 

admission Falls 

Cox* Cox* CR** Cox* CR** Cox* 
Main analysis 
(adjustments 
included in 'level' 
models if associated 
with levels of ≥2 
parameters; 
analogous approach 
used to determine 
adjustments for 
'change' models) 

Grip 
strength 

Lower level             
Greater decline             

Gait speed 
Lower level             
Greater decline             

ALM 
Lower level             
Greater decline             

Fat mass 
Lower level             
Greater decline             

Hip BMD 
Lower level             
Greater decline             

Models for level 
were adjusted for 
change parameter 
and vice versa 

Grip 
strength 

Lower level             
Greater decline             

Gait speed 
Lower level             
Greater decline             

ALM 
Lower level             
Greater decline             

Fat mass 
Lower level             
Greater decline             

Hip BMD 
Lower level             
Greater decline             

Analysis restricted 
to individuals with 
complete data from 
Years 1-6 for the 
corresponding 
parameter 

Grip 
strength 

Lower level             
Greater decline             

Gait speed 
Lower level             
Greater decline             

ALM 
Lower level             
Greater decline             

Fat mass 
Lower level             
Greater decline             

Hip BMD 
Lower level             
Greater decline             

Additionally 
adjusted for 
baseline 
characteristics 
associated with risk 
of ≥2 adverse 
outcomes+ 

Grip 
strength 

Lower level             
Greater decline             

Gait speed 
Lower level             
Greater decline             

ALM 
Lower level             
Greater decline             

Fat mass 
Lower level             
Greater decline             

Hip BMD 
Lower level             
Greater decline             

         
  Significant (p<0.05) in fully-adjusted model  

  
  Association differs compared to corresponding association in main analysis          
*Cox model stratified on previous events             **Competing risk model adjusted for previous events          
Baseline characteristics included in fully-adjusted main analysis models for 'level' were: sex-race 
variable, age, height, weight-for-height residual (not included in models for ALM and fat mass), alcohol 
consumption, diet quality, physical activity, education and number of systems medicated. Baseline 
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characteristics included in fully-adjusted main analysis models for 'change' were: sex-race variable, age, 
and diet quality.          
+Models for level were additionally adjusted for smoking status and housing tenure; models for change 
were additionally adjusted for weight-for-height residual, smoking status, physical activity, education, 
housing tenure and number of systems medicated. 
 

3.5.9 Associations between previous changes in musculoskeletal and body composition 

characteristics and risk of adverse outcomes after accounting for current measures 

of the characteristic 

Table 35 presents: the risk of adverse outcomes according to declines in musculoskeletal and 

body composition parameters after Year 4, conditional on levels at Year 6; and also declines in 

parameters after Year 2, conditional on levels at Years 4 and 6. These time-points differ for hip 

BMD which was measured at Years 1, 3 and 5 as opposed to Years 2,4 and 6. Greater grip strength 

decline after Year 2 was associated with reduced risk of fragility fracture, independent of grip 

strength at Years 4 and 6. Decline in gait speed from Years 2 and 4 was not strongly related to risk 

of adverse outcomes after conditioning on current gait speed measurements. Greater decline in 

ALM after Year 4 was related to increased risk of hospital admission, independent of ALM at Year 

6; greater decline in ALM after Year 2 was related to increased risk of mortality and falls, 

independent of ALM at Years 4 and 6. Greater loss of fat mass from Years 2 and 4 was related to 

increased risk of mortality, independent of current fat mass. Greater hip BMD decline from Year 3 

was associated with greater risk of mortality, hospital admission and falls, independent of hip 

BMD at Year 5; greater decline in hip BMD after Year 1 was related to increased mortality risk, 

independent of hip BMD at Years 3 and 5. These associations described were robust after 

adjustment for sex, race and age and in fully-adjusted analysis. 

The methods corresponding to results in this section are included in Section 2.6.5.10. 
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Table 35: Associations between previous changes in musculoskeletal and body composition characteristics and risk of adverse outcomes after accounting for current 

measures of the characteristic 

Residual Year Model 
Death Fragility fracture Hospital admission Fall 

HR (95%CI) P HR (95%CI) P HR (95%CI) P HR (95%CI) P 

Grip 
strength 

4* 1 1.01 (0.95,1.07) 0.834 1.01 (0.90,1.15) 0.823 1.02 (0.97,1.07) 0.395 0.99 (0.94,1.05) 0.815 
2 1.01 (0.95,1.07) 0.852 1.00 (0.88,1.13) 0.973 1.01 (0.96,1.07) 0.606 0.99 (0.94,1.05) 0.766 

2** 
1 1.05 (0.98,1.11) 0.146 0.88 (0.78,0.99) 0.033 0.95 (0.90,1.00) 0.052 0.96 (0.91,1.01) 0.152 
2 1.03 (0.97,1.10) 0.311 0.87 (0.77,0.99) 0.030 0.94 (0.89,0.99) 0.015 0.95 (0.90,1.01) 0.074 

          
 

Gait 
speed 

4* 
1 0.96 (0.90,1.03) 0.258 1.14 (1.01,1.28) 0.033 1.05 (0.99,1.10) 0.079 1.02 (0.97,1.08) 0.397 
2 0.95 (0.89,1.02) 0.148 1.11 (0.99,1.25) 0.086 1.06 (1.00,1.11) 0.042 1.03 (0.97,1.09) 0.388 

2** 1 1.04 (0.98,1.10) 0.233 0.97 (0.86,1.09) 0.648 1.01 (0.96,1.06) 0.658 1.03 (0.97,1.09) 0.350 
2 1.04 (0.97,1.10) 0.280 0.96 (0.86,1.09) 0.556 1.00 (0.95,1.06) 0.859 1.03 (0.97,1.09) 0.385 

          
 

ALM 
4* 

1 1.04 (0.98,1.10) 0.245 1.04 (0.92,1.19) 0.501 1.08 (1.02,1.13) 0.004 1.02 (0.96,1.08) 0.605 
2 1.03 (0.96,1.09) 0.419 1.03 (0.90,1.17) 0.683 1.08 (1.02,1.13) 0.006 1.01 (0.96,1.08) 0.651 

2** 
1 1.11 (1.04,1.18) 0.001 0.95 (0.84,1.08) 0.461 1.05 (1.00,1.11) 0.047 1.10 (1.04,1.16) 0.001 
2 1.11 (1.04,1.18) 0.002 0.95 (0.83,1.08) 0.418 1.05 (0.99,1.10) 0.087 1.11 (1.04,1.17) <0.001 

          
 

Fat mass 
4* 

1 1.12 (1.05,1.19) <0.001 1.01 (0.89,1.14) 0.900 1.05 (1.00,1.11) 0.065 1.02 (0.97,1.08) 0.468 
2 1.10 (1.03,1.17) 0.003 0.99 (0.87,1.13) 0.891 1.04 (0.98,1.09) 0.166 1.01 (0.95,1.07) 0.760 

2** 
1 1.11 (1.04,1.18) 0.001 0.98 (0.86,1.12) 0.763 1.05 (1.00,1.10) 0.077 1.03 (0.97,1.09) 0.319 
2 1.09 (1.03,1.17) 0.006 0.98 (0.86,1.11) 0.731 1.03 (0.98,1.08) 0.304 1.03 (0.97,1.09) 0.333 

          
 

Hip BMD 
3* 

1 1.22 (1.15,1.29) <0.001 1.08 (0.96,1.21) 0.197 1.08 (1.03,1.14) 0.002 1.08 (1.02,1.14) 0.005 
2 1.22 (1.15,1.29) <0.001 1.07 (0.95,1.20) 0.273 1.07 (1.02,1.13) 0.008 1.07 (1.01,1.13) 0.022 

1** 
1 1.12 (1.06,1.18) <0.001 1.11 (1.00,1.24) 0.052 1.02 (0.97,1.07) 0.365 1.04 (0.99,1.10) 0.128 
2 1.12 (1.06,1.19) <0.001 1.11 (0.99,1.24) 0.063 1.04 (0.99,1.09) 0.155 1.05 (1.00,1.11) 0.068  
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HR: Hazard ratio; P: P-value; ALM: Appendicular lean mass; BMD: Bone mineral density 

Hazard ratios per SD greater decline in parameter over various years, conditional on parameter at future years, are presented 

*Declines conditional on measurements at Year 6; greater declines correspond to higher levels at Year 4 than expected from Year 6 measurements 

**Declines conditional on measurements at Years 4 and 6; greater declines correspond to higher levels at Year 2 than expected from measurements at 
Years 4 and 6 

Hip BMD was ascertained at Years 1, 3 and 5 as opposed to Years 2, 4 and 6 

An indicator variable for the corresponding outcomes occurring before follow-up was used as the stratification variable in Cox models for fragility 
fracture, hospital admission and falls 

Model 1: Adjusted for the four-level sex-race variable and age 

Model 2: Models for level were additionally adjusted for height, weight-for-height residual (not included in models for ALM and fat mass) physical 
activity, alcohol consumption, diet quality, education and number of systems medicated 

Significant associations (p<0.05) are highlighted in bold and red 
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3.5.10 Combined impact of levels of grip strength and hip BMD in relation to adverse 

outcomes 

Of the 2603 participants who were included in this part of the analysis, 1202 (46.2%) had neither 

low grip strength nor low hip BMD, 533 (20.5%) had low grip strength only, 524 (20.1%) had low 

hip BMD only and 344 (13.2%) had low grip strength and low hip BMD. For both characteristics, 

low values were characterised as those in the bottom sex-specific third of the distribution.  

The risk of adverse outcomes according to combinations of levels of grip strength and hip BMD is 

illustrated in Figure 30. Having both low grip strength and low hip BMD was related to greater risk 

of mortality and falls compared to participants with low hip BMD only but these differences were 

not substantial in comparison to participants with low grip strength only. For fragility fracture and 

hospital admission, having both conditions was related to greater risk of these outcomes 

compared to having either condition in isolation. For example, compared to participants without 

low grip strength or hip BMD, fully-adjusted hazard ratios (95% CI) for fragility fracture among 

those with low grip strength only, low hip BMD only and both low grip strength and hip BMD were 

1.30 (0.94,1.79), 2.14 (1.59,2.88) and 3.05 (2.20,4.23) respectively.  

It was not possible to conduct analyses using thresholds for sarcopenia and osteoporosis from the 

EWGSOP213 definition (grip strength <27kg and <16 kg among men and women respectively) and 

the WHO226 definition (hip BMD ≤0.64 kg/m2 [2.5 SD or more below the mean of 20-29 year-old 

non-Hispanic white women from NHANES III]), respectively. This is because only 19 (0.6%) 

participants had both low grip strength and low hip BMD according to these criteria. 

None of the interactions examined between continuously distributed levels of grip strength and 

hip BMD in relation to the adverse outcomes were statistically significant after adjustment for 

both sex, race and age and in fully-adjusted analysis. 

The methods corresponding to results in this section are included in Section 2.6.5.11. 
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Figure 30: Risk of adverse outcomes according to combinations of levels of grip strength and hip 

BMD 

 

Mean levels were calculated using data from Years 1, 2, 4 and 6 for grip strength and Years 1, 3 and 5 for hip 
BMD     

Models were adjusted for sex, race, age, height, weight-for-height residual, alcohol consumption, physical 
activity, diet quality, education and number of systems medicated 

For fragility fractures, hospital admissions and falls, an indicator variable for the corresponding outcomes 
occurring before follow-up was used as the stratification variable in Cox models  

Participants with values in the bottom sex-specific third of the distribution were regarded as having low 
levels.  

Estimates and p-values are in relation to participants without low grip strength or low hip BMD  
      

 

3.5.11 Combined impact of changes in grip strength and hip BMD in relation to adverse 

outcomes 

Of the 2603 participants, 1200 (46.1%) had neither high decline (highest sex-specific third of the 

distribution) in grip strength or hip BMD, 535 (20.6%) had high decline in grip strength only, 535 

(20.6%) had high decline in hip BMD only and 333 (12.8%) had high decline in grip strength and 

hip BMD. The risk of adverse outcomes according to combinations of changes in grip strength and 

hip BMD is illustrated in Figure 31. Risk of mortality for having high declines in both grip strength 

and hip BMD was greater than for the other three categories. Compared to participants without 

high declines in grip strength or hip BMD, fully-adjusted hazard ratios (95% CI) for mortality 

among those with high declines in grip strength only, hip BMD only and in both grip strength and 
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hip BMD were 1.19 [1.04,1.36], 1.34 [1.17,1.54] and 1.61 [1.38,1.88] respectively. For fracture and 

falls, high declines in both characteristics were not associated with greater risk of these outcomes 

compared to only experiencing declines in either grip strength or hip BMD. Participants with high 

declines in both characteristics had greater risk of hospital admission compared to those with high 

decline in grip strength only but similar risks when compared to participants with high declines in 

hip BMD only.  

 

Figure 31: Risk of adverse outcomes according to combinations of changes in grip strength and 

hip BMD 

 

Changes were calculated using data from Years 1, 2, 4 and 6 for grip strength and Years 1, 3 and 5 for hip 
BMD         

Change measure was ascertained by applying linear mixed effects models to z-scores (derived from 
generalised additive models for location, scale and shape) and extracting random slopes   

Models were adjusted for sex, race, age and diet quality     

For fragility fractures, hospital admissions and falls, an indicator variable for the corresponding outcomes 
occurring before follow-up was used as the stratification variable in Cox models      

Participants with declines in the top sex-specific third of the distribution were regarded as having high 
declines 

Estimates and p-values are in relation to participants without high declines in grip strength or BMD 

 

Of all continuous interactions examined between the change measures for grip strength and hip 

BMD, only the interaction in relation to risk of falls was statistically significant both after 
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adjustment for sex, race and age and in fully-adjusted analysis (p<0.03). The predicted hazard 

ratios for different combinations of grip strength and BMD changes in relation to this outcome are 

illustrated in Figure 32. For participants with average changes in hip BMD (z-score=0), changes in 

grip strength were weakly correlated with risk of falls whereas among participants with high 

declines in hip BMD (z-score=2), there was a much stronger association between greater declines 

in grip strength and greater risk of falls. Similarly, degree of decline in hip BMD was more strongly 

associated with risk of falls among participants experiencing greater losses of grip strength 

compared to those who were not. 

The methods corresponding to results in this section are included in Section 2.6.5.11. 

 

Figure 32: Predicted hazard ratios for combinations of grip strength and hip BMD declines in 

relation to risk of falls 

 

Changes were calculated using data from Years 1, 2, 4 and 6 for grip strength and Years 1, 3 and 5 for hip 
BMD         

Change measure was ascertained by applying linear mixed effects models to z-scores (derived from 
generalised additive models for location, scale and shape) and extracting random slopes 

Higher z-scores indicate greater declines; z-scores of zero for both grip strength and hip BMD are used for 
the reference category and are assigned a hazard ratio of one. 
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3.5.12 Summary of findings 

3.5.12.1 Summary of findings from the main analysis 

A summary of results from the main analysis for level and change in musculoskeletal and body 

composition parameters in relation to risk of adverse health outcomes is presented in Table 36. 

Lower levels and greater declines of each musculoskeletal and body composition parameter were 

associated with increased risk of mortality and, with the exception of ALM and fat mass level, also 

hospital admission. Lower levels of each parameter and greater declines in hip BMD were related 

to increased risk of fragility fracture when Cox models were implemented; only associations 

regarding levels of grip strength, fat mass and hip BMD were similar for competing risk models. 

Lower levels of grip strength, greater declines in ALM and hip BMD and both lower levels and 

greater declines in gait speed were related to increased risk of falls.  

 

Table 36: Level and change in musculoskeletal and body composition parameters in relation to 

risk of adverse health outcomes (results from the main analysis) 

Parameter Predictor 
Death Fragility fracture Hospital admission Falls 

Cox* Cox* CR** Cox* CR** Cox* 

Grip strength 
Lower level             
Greater decline             

Gait speed 
Lower level             
Greater decline             

ALM 
Lower level             
Greater decline             

Fat mass 
Lower level             
Greater decline             

Hip BMD 
Lower level             
Greater decline             

        
  Significant (p<0.05) in fully-adjusted model 
        
*Cox model stratified on previous events   **Competing risk model adjusted for previous events 
        
Baseline characteristics included in fully-adjusted models for 'level' were: sex-race variable, age, height, 
weight-for-height residual (not included in models for ALM and fat mass), alcohol consumption, diet quality, 
physical activity, education and number of systems medicated. Baseline characteristics included in fully-
adjusted models for 'change' were: sex-race variable, age and diet quality. 
 
 

3.5.12.2 Summary of findings from the additional analyses 

This subsection summarizes results from Sections 3.5.9-3.5.11 on the relationship between 

previous changes in musculoskeletal and body composition characteristics and adverse outcomes, 

after accounting for current measures, and results on the combined impact of grip strength and 

hip BMD in relation to outcomes. 
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Even after accounting for most recently available measurements, prior declines in ALM, fat mass 

and hip BMD were related to increased risk of mortality, and prior declines in ALM and hip BMD 

were also related to hospital admission and falls. In contrast, relationships between previous 

declines in grip strength and gait speed and adverse outcomes were weak after accounting for 

most recent measures. 

Having both low grip strength and low hip BMD was related to considerably greater risk of fragility 

fracture and hospital admission compared to having either condition in isolation; for mortality 

and falls, this was only the case compared to those with low hip BMD only. Having high declines in 

both grip strength and hip BMD conferred substantially greater risk of mortality compared to 

experiencing declines in only one of these characteristics; for hospital admission, this was only the 

case compared to participants with high declines in grip strength only. Evidence of interactions 

between levels or changes in grip strength and hip BMD in relation to adverse outcomes was 

weak. 
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Chapter 4 Discussion 

4.1 Chapter summary 

This chapter is structured as follows. First, the main findings from the following analyses are 

recapped and compared with the published literature: description of longitudinal changes in 

musculoskeletal and body composition characteristics; examination of baseline determinants of 

level and change in these characteristics; exploration of interrelationships between changes in 

characteristics; and examination of level and change in characteristics in relation to risk of adverse 

health outcomes. Second, insights on the use of statistical methods for the description and 

analysis of longitudinal changes in parameters are presented. Third, the strengths and 

weaknesses of the thesis are outlined. Finally, the wider implications of the thesis findings are 

discussed and recommendations for future research are provided. 

 

4.2 Summary of main thesis findings and comparison with previous 

literature 

4.2.1 Longitudinal changes in characteristics 

4.2.1.1 Thesis findings 

Declines in grip strength, gait speed and hip BMD accelerated with advancing age whereas 

declines in ALM were linear; fat mass increased, plateaued, and then decreased. Declines were 

greatest, and the proportion of variance at follow-up explained by baseline level was lowest for 

gait speed and grip strength, compared to body composition parameters (including BMD).  

 

4.2.1.2 Previous Health ABC publications 

Changes in musculoskeletal and body composition parameters over a 9-year duration had not 

previously been explored in this cohort. However, the findings in this thesis are consistent with 

those from earlier Health ABC Study publications which measured changes over a shorter 

duration of time. For example, 3-year declines in knee extensor strength and both total and leg 

lean mass were correlated although average percentage declines were smaller for leg lean mass 
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than strength93. In a study of changes in body composition over 5 years, lean mass declined 

whereas fat mass had a period of increase, maintenance and then decline92 as reported in this 

thesis.  

 

4.2.1.3 Findings from other cohorts 

These findings are also consistent with those from other cohorts. For example, percentage 

declines in lean mass were less than declines in gait speed and grip strength over a 4-year follow-

up in a Chinese cohort, comprising 3018 participants at least 65 years of age74, and over a 7-year 

period in the Hertfordshire Cohort Study227. In contrast to the findings in this thesis, changes in 

grip strength over 5 years were quadratic among women and linear among men in the Newcastle 

85+ Study56 and rate of grip strength decline was constant over a 4-year follow-up among 

participants aged 50-85 years from a Danish cohort46. These different conclusions could be due to 

the varying follow-up times and age ranges of the study participants. Rates of decline in gait 

speed and grip strength during an 18-year follow-up accelerated over time in the Cardiovascular 

Health Study228 and also in the Osteoporotic Fractures in Men (MrOS) Study121 for total femoral 

neck BMD over 5 years; these findings are in agreement with those from this thesis. As discussed 

in Section 4.2.6, a unique aspect of the Health ABC Study, in comparison with other cohorts, is 

that a wide range of musculoskeletal and body composition parameters were measured at 

multiple time-points over a long follow-up (9 years). 

 

4.2.2 Determinants of level and change in characteristics 

4.2.2.1 Thesis findings 

Key baseline determinants associated with lower levels of musculoskeletal and body composition 

parameters included older age, anthropometry (shorter stature), and lifestyle risk factors (lower 

physical activity and poorer diet quality). Higher adiposity was related to higher grip strength and 

hip BMD but slower walking speed. Greater comorbidity was related to lower levels of grip 

strength and gait speed and higher levels of fat mass. Some relationships between markers of 

socioeconomic status in relation to levels of parameters were inconsistent. Fewer baseline 

determinants were related to declines than levels in parameters. For example, only older age and 

poorer diet quality were associated with greater declines in two or more parameters. 
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4.2.2.2 Previous literature on determinants: age and anthropometry 

Relationships between older age and both poorer and declining musculoskeletal health are well 

established229 along with relationships between shorter height and lower grip strength47 50 54. The 

associations identified in this thesis between shorter height and lower ALM and fat mass are 

consistent with smaller stature reflecting smaller overall size. In this thesis, lower adiposity, as 

measured by weight-for-height residuals, was related to lower grip strength and hip BMD and 

higher gait speed as well as reduced decline in gait speed. These findings are consistent with 

those from previous studies: lower weight-for-height residuals were associated with lower grip 

strength in ELSA47; low BMI is an established risk factor for low BMD229; greater BMI was related 

to lower gait speed in NHANES230; and greater weight was related to greater loss of gait speed in 

SOF76. 

 

4.2.2.3 Previous literature on determinants: health behaviours 

Relationships between health behaviours and musculoskeletal parameters have also been 

identified previously. For example, the association between ever smoking and slower gait speed 

among men and in the pooled sample is in agreement with findings from the Hertfordshire Cohort 

Study of slower gait speed among men who had smoked (there was no association among 

women231). The positive correlation observed between higher alcohol consumption and faster gait 

speed is similar to findings from the Swiss-based Lausanne Cohort 65+ Study where slower gait 

speed was reported among non-drinkers compared to light-to-moderate drinkers232. The 

relationship between higher alcohol consumption and lower ALM was in contrast to results from 

the MINOS Study which reported no relationship between quartiles of alcohol intake and ALM 

index233. However, in this thesis, the mutually-adjusted association between alcohol consumption 

and ALM was not significant in sex-stratified analyses, suggesting that these associations are not 

very robust. The rather counterintuitive observation between lower physical activity and reduced 

fat mass was a surprising result and possibly due to chance but could also be caused by greater 

comorbidity driving both lower physical activity and fat mass. Relationships observed between 

lower physical activity and lower levels of musculoskeletal parameters, and poor diet quality in 

relation to slower gait speed and both low level and greater decline in ALM and hip BMD, are in 

agreement with the wide body of evidence for the benefits of both physical activity and high diet 

quality for muscle and bone health229.  
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4.2.2.4 Previous literature on determinants: socioeconomic position and comorbidity 

In this thesis, some associations regarding markers of socioeconomic position and comorbidity are 

in agreement with those from previous literature. For example, not owner occupying one’s home 

was related to lower grip strength and greater comorbidity was related to lower level and 

accelerated decline in grip strength in the English Longitudinal Study of Ageing47. In addition, 

lower educational attainment and greater comorbidity were associated with lower gait speed in 

the Hertfordshire Cohort Study231. However, associations identified among women in this thesis 

between higher educational attainment and lower grip strength, and between owner occupying 

one’s home and accelerated decline in grip strength, are in contrast to previous literature50. 

Possible reasons for these counterintuitive associations in the Health ABC Study compared to the 

UK cohorts cited include differences in how educational attainment and home ownership relate to 

socioeconomic status between the US and the UK, and age and cohort effects from differences in 

ages and birth dates of participants between studies. The cross-sectional associations between 

higher comorbidity and greater fat mass can be explained by the well-established link between 

obesity and increased risk of comorbidities such as cardiovascular disease and diabetes37. The 

relationship identified in this thesis between increased comorbidity and greater hip BMD was 

unexpected but perhaps unconvincing given that it was not robust in the sex-specific mutually-

adjusted models that were examined as part of the sensitivity analyses. 

 

4.2.3 Interrelationships between changes in characteristics 

4.2.3.1 Thesis findings 

Significant (p<0.05) and positive correlations were observed between changes in musculoskeletal 

and body composition parameters over the 9-year follow-up which suggests that declines in these 

characteristics co-occur; the strongest correlations were observed between ALM, fat mass and hip 

BMD (0.33<r<0.45, p<0.001). One approach to examine the temporal nature of correlations 

between these parameters involved examining relationships between changes over Years 1-6 in 

relation to subsequent changes over Years 6-10. When this approach was implemented, declines 

in ALM were correlated with subsequent declines in grip strength and gait speed; declines in grip 

strength were related to subsequent declines in gait speed; and declines in all characteristics were 

related to subsequent declines in hip BMD. However, these correlations were weak (r<0.19 for all 

associations). A more sophisticated approach to examine temporal changes in musculoskeletal 

and body composition parameters was implemented which involved the use of bivariate dual 

change score models. However, the majority of these models failed to converge.  
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4.2.3.2 Previous literature on interrelationships between changes in characteristics 

Interrelationships between changes in musculoskeletal and body composition parameters have 

been explored previously and support the findings in this thesis. A recent systematic review234 of 

relationships between changes in muscle and bone parameters reported statistically significant 

correlations between changes in BMD and changes in the following parameters among adults: 

grip strength (all studies reported significant correlations157 235 236); gait speed154; and lean mass 

(overall correlation coefficient in hip BMD meta-analysis: 0.34 [95% CI: 0.19-0.48])156 237-240. Of the 

9 studies in the systematic review: one featured both men and women and one featured only 

men with the rest comprising only women; ages of participants ranged from mid-life to 97 years 

with the vast majority comprising participants over 65 years of age; and follow-up times ranged 

from 1-12 years.  

Studies of interrelationships between changes in parameters other than BMD were identified in 

the epidemiological literature review and broadly support the findings in this thesis. For example, 

among participants in the Health ABC Study, changes in whole body DXA parameters and CT 

parameters relating to the abdomen and thigh were examined in relation to changes in gait speed 

over a 4-year follow-up75. Increases in thigh intermuscular fat area and decreases in thigh muscle 

area were associated with greater decline in gait speed among men and women. Although 

changes in fat mass and gait speed were not significantly correlated over the 9-year follow-up in 

this thesis, whole body fat mass, rather than thigh intermuscular fat area, was used in this thesis 

which could explain the weaker associations observed. In a different cohort of 1710 Afro-

Caribbean men, 4.5 year declines in grip strength and arm lean mass were positively correlated54. 

However, these studies54 75 154 156 157 235-240 only examined changes in one parameter in relation to 

changes in another parameter over the same time interval. Therefore, the evidence presented in 

this thesis which suggests that declines in muscle mass, strength and function precede declines in 

hip BMD appears to be novel. 

The epidemiological and statistical literature reviews conducted did not identify any studies which 

had used bivariate dual change score models to investigate changes in musculoskeletal or body 

composition parameters.  
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4.2.3.3 Potential biological mechanisms to explain findings 

There are several biological mechanisms that may explain the observed interrelationships 

between changes in musculoskeletal characteristics. First, bidirectional relationships may exist 

between declines in muscle strength and lean mass. For example, declines in strength, leading to 

reductions in physical activity and function, could lead to muscle wasting; simultaneously, 

reductions in lean mass and quality from inflammaging, skeletal muscle fat infiltration and losses 

in the number of fast-twitch muscle fibres may result in declines in strength and function64. 

Second, associations between changes in muscle mass, strength and BMD are biologically 

plausible. For example, osteocytes and myoblasts have a shared mesenchymal stem cell origin241 

and according to the mechanostat hypothesis, losses in bone mass, due to greater resorption than 

formation, would occur as losses in strength lead to weaker forces on bone32 227. Finally, 

correlations between changes in muscle and bone parameters are also plausible as genetic, 

developmental and lifestyle factors are known to affect both muscle and bone health in older 

age229. 

 

4.2.4 Level and change in characteristics and risk of adverse health outcomes 

4.2.4.1 Thesis findings 

Lower levels and greater declines in all characteristics predicted hospital admission (excluding 

ALM and fat mass levels) and mortality. Lower levels of all characteristics and greater hip BMD 

declines predicted fragility fracture. Lower grip strength, greater declines in ALM and hip BMD, 

and lower levels and greater declines in gait speed predicted falls. 

After accounting for current levels, previous declines in ALM and hip BMD were related to 

increased risk of mortality, hospital admission and falls. In contrast, relationships between 

previous declines in grip strength and gait speed and adverse outcomes were weaker after 

accounting for current measures. Having both low grip strength and low hip BMD, in comparison 

with having either of these in isolation, was related to substantially greater risk of fragility fracture 

and hospital admission. Having high declines in both grip strength and hip BMD was associated 

with increased risk of mortality in comparison with only experiencing high declines in one of these 

characteristics.  
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4.2.4.2 Overview of thesis findings in relation to previous literature 

Section 4.2.4.2 summarises the findings in this thesis on the relationship between levels and 

changes in musculoskeletal and body composition parameters and adverse outcomes in relation 

to previous literature. Sections 4.2.4.3-4.2.4.9 discuss these findings in more detail for each 

parameter of interest along with references of previous studies. 

The findings in this thesis are in broad agreement with those from the published literature. For 

example, the following relationships in this thesis have also been identified in previous studies: 

lower levels and greater declines in each characteristic in relation to greater risk of mortality; 

lower levels of each characteristic in relation to greater risk of fragility fracture; and lower grip 

strength and gait speed in relation to increased risk of hospital admission and falls. However, 

whereas previous studies have reported relationships between greater declines in gait speed and 

ALM and greater risk of fragility fracture, these associations were not evident in this thesis. Few 

studies were identified from the literature review which had examined levels and changes in body 

composition or BMD parameters in relation to risk of hospital admission. 

There are many potential reasons for differences between the findings in this thesis and results 

from the published literature. For example, discrepancies may be due to differences in age, health 

status and ethnicity of participants between Health ABC and cohorts used in previous studies. 

Differences between the analysis conducted in this thesis and previous studies regarding 

outcomes (such as use of recurrent falls as opposed to incident falls), adjustments, methods used 

to derive change measures, and follow-up times may also have resulted in differences in findings. 

 

4.2.4.3 Grip strength level and change and adverse outcomes 

Many studies have reported that both low level and accelerated decline in grip strength are 

associated with mortality68-71 242 243  with some reporting that low level is a stronger predictor67 162. 

This is in agreement with the findings in this thesis where level and decline were significantly 

associated with mortality with a larger effect size for level. Although no previous studies have 

examined grip strength decline in relation to risk of fracture or hospital admission, low grip 

strength was related to increased risk of osteoporotic fracture in a meta-analysis of the MrOS 

Study244 and was predictive of emergency and long stay hospital admission among men and 

women from HCS245. In agreement with the findings of this thesis, upper extremity weakness was 

associated with increased risk of falls and recurrent falls in a systematic review and meta-

analysis246. However, rate of grip strength decline predicted subsequent falls in the Women's 

Health and Aging Study (WHAS) II73 but no such association was evident in this thesis.   
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4.2.4.4 Gait speed level and change and adverse outcomes 

In agreement with the findings from this thesis, previous literature has established low gait 

speed247-249 and greater decline in gait speed77 88 as risk factors for mortality. Similarly, slow gait 

speed was a risk factor for hospital admission in a previous analysis of the Health ABC Study 

during a shorter mean follow-up period of 5 years218 and predicted future falls in the Einstein 

Aging Study250; the MOBILIZE Boston Study reported greater risk of incident falls among 

participants with a gait speed decline of more than 0.15 m/s per year251. Similar to the findings in 

this thesis, slow gait speed predicted osteoporotic fracture among men in MrOS244. However, no 

association between gait speed decline and risk of fragility fracture was found in this thesis, 

whereas accelerated decline in gait speed was related to increased risk of hip fracture among 

women in the Study of Osteoporotic Fractures (SOF)252 and increased risk of low trauma fracture 

among both men and women in the Dubbo Osteoporosis Epidemiology Study253. 

 

4.2.4.5 Level and change in body composition parameters and mortality 

Previous studies have examined level and change in body composition in relation to risk of 

mortality. In a study comprising 921 Swedish men and women, aged ≥65 years: greater lean mass 

was protective of mortality among men and women; greater fat mass was protective among 

women; and very low or very high fat mass increased mortality risk among men254. This thesis 

identified low levels of both appendicular lean and whole body fat mass as risk factors for 

mortality, although only a linear change in relation to mortality risk was explored and men and 

women were pooled after no evidence of interaction effects between parameters and sex was 

found. In agreement with the findings of this thesis: a previous Health ABC analysis of body 

composition changes in relation to mortality over a shorter follow-up duration found that loss of 

appendicular lean mass and total fat mass predicted mortality255; loss of whole body lean and fat 

mass was related to higher risk of mortality in the MrOS study105; and loss of appendicular lean 

mass was associated with increased risk of mortality in the MINOS study of older men106. 

 

4.2.4.6 ALM and fat mass levels in relation to fragility fracture and fall risk 

Associations identified in this thesis between lower appendicular lean and fat mass and increased 

fragility fracture risk are in broad agreement with those in the wider literature. For example, 

these relationships were observed among women from the Os des Femmes de Lyon (OFELY) 
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study256 and among men in MrOS244. Conversely, the lack of association in this thesis between 

appendicular lean and fat mass and falls risk differs from the results of previous studies which 

have reported low lean mass as a risk factor for falls among men, and identified increased 

adiposity as a risk factor for falls among men and women257. Possible reasons for this discrepancy 

include the use of different measures of lean mass and adiposity in this thesis in contrast with 

some previous studies. 

 

4.2.4.7 ALM and fat mass changes in relation to fragility fractures and fall risk 

An examination of ALM and fat mass changes in relation to falls and fragility fractures in this 

thesis only revealed associations between ALM decline and increased risk of falls. Although there 

are few published studies with which these findings can be compared, greater loss of ALM in 

relation to fat mass was associated with increased risk of both falls and hip fractures in the 

Concord Health and Ageing in Men Project (CHAMP)258. 

  

4.2.4.8 ALM and fat mass and risk of hospital admission 

Similar to the findings of this thesis, lean mass level was not related to risk of hospitalization in a 

previous analysis of the Health ABC study over a shorter follow-up duration of approximately 5 

years218; no publications examining levels of fat mass or changes in body composition measures in 

relation to risk of hospital admission were identified in the literature. 

 

4.2.4.9 Hip BMD level and change and adverse outcomes 

The findings in this thesis on low and declining hip BMD in relation to increased risk of mortality144 

147 259 and fragility fracture150 260 are consistent with the wider literature. No studies were found 

from the literature review which explored BMD level and change in relation to risk of hospital 

admission or falls.  

 

4.2.4.10 Associations between previous changes in characteristics and adverse outcomes 

after accounting for current measures 

In this thesis, previous declines in hip BMD and body composition parameters were related to risk 

of adverse outcomes even after accounting for current levels but this was not the case for grip 
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strength or gait speed. The literature review did not identify any previous studies with which 

these findings could be directly compared. Although previous publications, outlined in Sections 

4.2.4.3 – 4.2.4.9, have identified associations between both lower levels and greater declines in 

musculoskeletal and body composition parameters in relation to adverse outcomes, the vast 

majority of these studies which investigated declines in relation to outcomes only accounted for 

baseline values of parameters; only one study, investigating the relationship between change in 

femoral neck BMD in relation to mortality in the MrOS Study, adjusted for BMD level at follow-

up144. The findings from this latter study, in agreement with those from this thesis, reported that 

declines in BMD were related to greater mortality risk after accounting for BMD level at follow-up. 

However, no study used the residual approach implemented in this thesis to investigate whether 

a measure of change in a parameter was related to the adverse outcome, independent of the 

level at follow-up. 

 

4.2.4.11 Combined impact of grip strength and hip BMD in relation to adverse outcomes  

In this thesis, participants with both low grip strength and low hip BMD had considerably greater 

risk of fragility fracture and hospital admission compared to having either condition in isolation. 

Having both low grip strength and low hip BMD increased risk of mortality and falls in comparison 

with having low hip BMD only, but there was no substantial difference in risk compared with 

those with low grip strength only. In contrast to the findings in this thesis, osteodynapenia (T-

scores of the total hip and/or lumbar spine BMD < –1 and grip strength in the bottom fifth of the 

sex-specific distribution) did not lead to a significantly greater risk of mortality or incident fracture 

compared to having either condition alone in the Tasmanian Older Adult Cohort Study261. Possible 

reasons for the contrast in findings are the use of different definitions for low grip strength and 

BMD which resulted in fewer participants having both conditions in the Tasmanian Older Adult 

Cohort Study (8.3% compared to 13.2% in this thesis) and also the younger age of participants in 

the Tasmanian Older Adult Cohort Study (Mean [SD]: 62.9  [7.4] vs 74.1 [2.9] in Health ABC).  

No previous studies investigating the combined effects of grip strength and BMD levels on 

hospital admission and falls, or on the combined effects of changes in these parameters in 

relation to adverse health outcomes, were identified in the literature reviews. 

 

4.2.4.12 Potential biological mechanisms to explain findings 

There are several potential mechanisms which may relate levels and changes in musculoskeletal 

and body composition parameters to risk of adverse health outcomes. As shown in this thesis 
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(Section 3.3) and in previous literature229, lower levels and greater declines in these parameters 

are correlated with low socio-economic position, poor health behaviours and increased 

comorbidity which are established risk factors for adverse outcomes. However, relationships in 

this study between these parameters and outcomes remain after accounting for these risk factors 

which suggests that they do not fully explain the observed associations. Another possibility is that 

underlying processes such as greater inflammation, oxidative stress and endocrine dysfunction 

are contributing to both age-related declines in these parameters and greater risk of adverse 

outcomes147 247. Furthermore, reduced function in the musculoskeletal system is usually 

associated with functional declines in other physiological systems254. Therefore, declines in 

parameters such as BMD and gait speed may act as biomarkers of aging and reflect an overall 

decline in underlying biological processes. 

 

4.2.5 Statistical techniques for examining longitudinal change in musculoskeletal aging 

4.2.5.1 Thesis findings 

Valuable insights were gained by examining mean trajectories over time using data from more 

than two time-points. For example, non-linear changes in gait speed and fat mass could not have 

been identified from changes based on data from only two repeated measures. Trajectory groups 

from LCT models were parallel and GMM yielded a dominant group comprising over 85% of the 

sex-specific sample. This suggested that an LME model with a single population-average trajectory 

was sufficient for the description of longitudinal change in these parameters among this age 

group. Applying an LME model to z-scores obtained from the LMS method and then extracting the 

random slopes was a feasible method for deriving change measures in these characteristics. 

Bivariate dual change score models were unsuitable for examining musculoskeletal and body 

composition parameters in this age group as many failed to converge.  

 

4.2.5.2 Use of simple change measures in previous literature 

Of the 206 articles from the epidemiological literature review on changes in musculoskeletal and 

body composition parameters, 139 ascertained change measures using data from only two-time-

points. As discussed in Section 1.5.4, this does not account for measurement error and assumes 

change is linear. Although some publications from this review did implement more sophisticated 

approaches using data from multiple time-points, simple methods were sometimes used even 
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when the number of repeated measures available enabled a more robust change analysis to be 

conducted.  

 

4.2.5.3 Use of growth mixture and latent class trajectory models in previous studies  

One article from the epidemiological literature review implemented latent class trajectory models 

and found that individuals with symptomatic knee osteoarthritis (OA) were at increased risk of 

being in the ‘fast decline’ gait speed group82. A 2019 paper published after the literature reviews 

were conducted used latent class trajectory models to derive trajectory groups for grip strength, 

gait speed and femoral neck BMD and compared mortality risk between groups262. This technique 

was also used in a recent 2020 paper to describe changes in grip strength, gait speed, 

appendicular lean mass index and hip BMD263. Similar to the findings in this thesis, these three 

articles each identified groups with approximately parallel mean trajectories which differed more 

with regard to levels of parameters rather than rates of change. Another study applied LCT 

models to percentage changes in gait speed since baseline, thereby ensuring that all trajectory 

groups would start at 0%, and then compared risk of mortality between trajectory groups whilst 

accounting for baseline gait speed77. Although these articles illustrate how a high risk 'fast decline' 

group can sometimes be identified from this statistical technique, they also show that 

disentangling the effects of baseline levels and changes in characteristics may present challenges 

when this method is implemented. 

Growth mixture models were not used in any articles identified in the epidemiological literature 

search which suggests that they are rarely used to examine changes in musculoskeletal and body 

composition parameters among older people.  

 

4.2.5.4 Use of the LMS method 

In this thesis, the LMS method was used to derive sex- and age-specific centile curves and z-scores 

for musculoskeletal and body composition parameters. Previous studies have used this method to 

derive centiles for normative values of grip strength264 and physical function265 among older 

people. However, no studies identified from the epidemiological or the statistical literature review 

characterised longitudinal changes in a characteristic by examining changes in the corresponding 

age-adjusted z-scores obtained from the LMS method. The approach implemented in this thesis 

accounts for age in the derivation of z-scores and, therefore, results in approximately linear 

changes in mean z-scores for each characteristic over time which are straightforward for 

researchers to analyse. 



Chapter 4 

151 

 

4.2.5.5 Use of bivariate dual change score models  

No studies were identified that had implemented these models to explore interrelationships 

between changes in musculoskeletal or body composition parameters among older people. 

However, one article from the statistical literature review implemented BDCSM and found that 

increases in lateral ventricle size were related to larger subsequent declines in memory 

performance187 and another article revealed that improvements in self-esteem were associated 

with subsequent increases in relationship satisfaction188; neither study found statistically 

significant effects in the opposite direction. This illustrates that these models can be used to 

examine interrelationships between changes in aspects of human functioning but they are clearly 

not commonly applied in longitudinal studies of musculoskeletal or body composition parameters 

among older people. The attempted use of BDCSM in this thesis suggests that this may be due to 

the high likelihood of convergence problems; these models may offer great insights to researchers 

in some scenarios but they were unsuitable for examining changes in the parameters of interest in 

this thesis due to the high proportion of models that failed to converge. 

 

4.2.6 How this thesis adds to knowledge from previous literature 

This thesis validates the following key findings from previous studies using measurements of 

musculoskeletal parameters over 9-years of follow-up from the Health ABC Study: age-related 

declines in muscle strength and function are greater than those for muscle mass; longitudinal 

declines in musculoskeletal parameters are positively correlated; anthropometric and lifestyle 

factors and comorbidity are important determinants of levels of musculoskeletal parameters in 

older age; and lower levels and greater declines in musculoskeletal parameters are associated 

with increased risk of adverse health outcomes. Previous cohorts, such as the Study of 

Osteoporotic Fractures (SOF)76, the Chingford 1000 Women Study127, the Finnish Osteoporosis 

Risk Factor and Prevention (OSTPRE) Study236 and the Hertfordshire Cohort Study47 have 

measured some of these musculoskeletal parameters over 9 or more years. However, none of 

these other cohorts have such a wide range of musculoskeletal and body composition parameters 

that have been measured over multiple time-points. Therefore, the Health ABC Study enables 

estimates relating to longitudinal changes in these parameters, such as their percentage changes 

over time or their strength of association with adverse health outcomes, to be accurately 

characterised and compared in a single cohort. In contrast, without the use of the Health ABC 

Study, a comparison of the effects relating to these parameters would have to be performed 
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between cohorts comprising participants with heterogeneous age ranges and ethnicities which 

would affect comparability of results. 

This thesis also includes novel findings which have not been reported previously. These include: 

declines in ALM preceded declines in grip strength and gait speed, and declines in all 

characteristics preceded declines in hip BMD; when accounting for current levels, prior declines in 

hip BMD and body composition parameters were more strongly related to risk of adverse 

outcomes, compared to declines in grip strength and gait speed; and having both low grip 

strength and hip BMD was related to greater risk of hospital admission and fragility fracture 

compared to having either condition in isolation and this was also the case for mortality in 

relation to greater declines in both characteristics. 

 

4.3 Strengths and weaknesses 

4.3.1 Strengths 

A key strength of this study is the measurement of a wide range of musculoskeletal and body 

composition parameters in a single, well characterised cohort. As outlined in Section 4.2.6, this 

allows estimates relating to different parameters to be accurately compared as they are 

ascertained from the same sample of participants. An additional strength is the use of a wide 

panel of baseline characteristics and adverse health outcomes for analysis of both the 

determinants and health-related consequences of low levels and greater declines in 

musculoskeletal and body composition parameters. Other strengths include the measurement of 

parameters at many time-points along with the use of statistical methods to derive measures of 

change which incorporate information from all repeated measures, enabling a comprehensive 

assessment of change, as well as the use of change measures which are only weakly correlated 

with baseline levels. Another strength is that a suitable temporal sequence in ascertainment of 

levels and changes in musculoskeletal and body composition parameters and characterisation of 

adverse health outcomes was ensured. The windows for derivation of these level and change 

measures were prior to the occurrence of adverse health outcomes; the temporal nature of these 

measures therefore reduces, although does not totally preclude, the chance of having observed 

associations due to reverse causation. Finally, results were similar in the many different sensitivity 

analyses conducted, suggesting that the main findings are robust. 
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4.3.2 Weaknesses 

At baseline, participants were free of mobility disability which limits the generalisability of 

findings to wider groups of community-dwelling individuals of a similar age. In the nationally-

representative US NHANES cohort, mean customary gait speed (0.96 m/s among men and 0.93 

m/s among women) was lower than the corresponding values in Health ABC which ranged from 

1.01 to 1.23 m/s, depending on race and sex (Table 10). According to the US National Centre for 

Health Statistics, the prevalence of smoking in 1999-2001 (a similar date to the recruitment of the 

Health ABC Study) among citizens aged 65 years and older was 10% among white men and 

women, 11% among black women and 18% among black men266; smoking prevalence was lower in 

Health ABC among white men (5%) and white women (8%) but higher among black men (20%) 

and black women (12%)267. 

The ‘healthy participant’ effect in Health ABC may have led to the underestimation of both the 

magnitude and range of declines in musculoskeletal parameters which typically occur in this age 

group, and also possible underestimation of the strength of associations between declines in 

these parameters and risk of adverse health outcomes. Similarly, death and drop-outs during 

follow-up result in healthier participants remaining in the study who may be more likely to have 

slower rates of decline in parameters and reduced risk of adverse outcomes. However, wherever 

possible, participants were included in analyses when the musculoskeletal or body composition 

parameter of interest was available at two or more time-points. This ensured that most analyses 

included participants with shorter follow-up times. Moreover, for the analysis of level and change 

in parameters in relation to adverse outcomes, the similarity of results from the main analysis and 

those from the sensitivity analysis that only included participants with complete data suggests 

that the main conclusions are unaffected by these earlier drop-outs. Finally, substantial bias 

should only have been introduced if the key associations of interest differed markedly between 

the Health ABC participants who were and who were not included in the analysis sample; this 

seems unlikely.  

Another weakness relates to the availability of participant characteristics in the Health ABC Study. 

For example, characteristics ascertained in childhood and early to mid-adulthood, such as birth 

weight, growth in adolescence and physical activity in mid-life are potential determinants of level 

and change in musculoskeletal parameters in later life, but these were not collected as part of the 

Health ABC Study; as in all observational studies, there is always a possibility that observed 

associations may be explained by the influence of unmeasured confounding factors. Furthermore, 

some of the characteristics that were available could ideally have been assessed with a greater 

level of accuracy. For example, only self-reported rather than objectively measured physical 
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activity was available, and exact dates of falls were not recorded but reported on an annual basis; 

mid-year dates were therefore used as approximations to dates of falls in survival analyses. 

Despite these limitations, the results obtained were plausible, robust to sensitivity analyses, and 

the vast majority were in agreement with previous literature. 

The statistical analyses implemented also have some limitations. For example, the lower 

correlation between baseline and follow-up measurements of grip strength and gait speed, 

compared to body composition parameters, could simply be due to greater measurement error 

for grip strength and gait speed. In addition, associations regarding ALM in relation to risk of 

adverse outcomes could be driven by fat mass, and vice versa, because ALM and fat mass are 

positively correlated. However, relationships were similar when sex-specific ALM residuals were 

examined in relation to adverse health outcomes (data not shown); these were derived from sex-

specific models where ALM was predicted from height and whole body fat mass and residuals 

were obtained, reflecting whether the amount of ALM was higher or lower than expected, given 

height and fat mass. Relationships between change in ALM and risk of adverse outcomes were 

also similar when changes in ALM were adjusted for change in total body weight (data not 

shown). 

 

4.4 Implications of this thesis 

4.4.1 Lifecourse strategies to promote musculoskeletal health 

Many of the epidemiological implications of this thesis can be interpreted in the context of a 

lifecourse perspective on healthy aging. This approach recognises that there are factors acting 

during gestation, childhood and adult life which influence risk of chronic disease in older age33. In 

the context of musculoskeletal health, risk of physical disability in later life depends partly on the 

peak levels of musculoskeletal parameters (such as muscle mass, strength and bone density) 

attained in early adulthood and their subsequent rates of loss following mid-life. Therefore, the 

lifecourse perspective suggests that interventions early in the lifecourse to maximise peak levels 

of these parameters and interventions in mid-life onwards to reduce age-related declines will 

result in better musculoskeletal health in older age (Figure 33). 

In this thesis, shorter stature was related to lower levels of most musculoskeletal parameters. As 

height is a biomarker of lifetime nutrition and standard of living, these findings suggest that 

developmental factors in utero and in childhood may have influenced the eventual levels of these 

musculoskeletal parameters in older age among Health ABC participants. This is supported by 
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systematic reviews and meta-analyses which report robust positive associations between higher 

birth weight in relation to both higher grip strength268 and higher bone mass in later life269. 

Therefore, interventions to improve the intrauterine environment, such as improving maternal 

nutrition, may lead to improvements in musculoskeletal health in older age as well as yielding 

benefit for the growth and development of the offspring during earlier phases of the lifecourse. 

 

 

Figure 33: Lifecourse model for musculoskeletal health 

 
 

Used from Sayer A.A et al. The developmental origins of sarcopenia. J Nutr Health Aging (2008)270 

This figure also applies to bone mass and density 

 

Lifestyle factors were important determinants of level and change in musculoskeletal parameters. 

Therefore, a lifecourse approach suggests that intervention strategies to improve physical activity 

and diet quality throughout life are likely to result in better musculoskeletal health in older age. 

This is supported by findings from the 1946 British Birth Cohort which related higher physical 

activity and diet quality in mid-adulthood to higher muscle strength and physical performance 

several decades later271 272. Although physical activity was not strongly associated with changes in 

musculoskeletal parameters in this thesis, positive effects of physical activity and resistance 

training interventions on muscle strength and physical function among older people have been 

reported previously229 273. This suggests such interventions could delay age-related declines in 

strength and function. Diet is widely recognised as an important determinant of musculoskeletal 

health229. Associations reported in this thesis regarding better diet quality and reduced declines in 

ALM and hip BMD suggest that improving diet quality, even in older age, may confer benefits for 

muscle and bone health. 
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The findings in this thesis about changes in characteristics over time also have wider implications. 

Percentage declines in gait speed and grip strength were greater, and the proportion of variance 

at follow-up explained by baseline level was lower, in comparison with the other characteristics. 

This suggests that interventions designed to slow loss of muscle strength and physical function in 

later life might perhaps offer greater benefit among older people than those targeted at body 

composition parameters, whose values at follow-up are more determined by those at baseline. 

Although statistically significant, correlations between changes in body composition and changes 

in grip strength and gait speed were weak in magnitude. This suggests that a range of 

interventions are required to prevent or delay declines in muscle strength and function in later 

life. Finally, for all parameters, the substantial proportion of variation at follow-up that was 

explained by baseline level suggests that maximising peak levels of muscle mass, strength, 

function and bone density earlier in life is critical for ensuring healthy musculoskeletal aging.  

Low levels of musculoskeletal parameters were related to increased risk of adverse health 

outcomes. This suggests that maximising levels in earlier life and reducing rates of decline in older 

age may reduce the burden of disease in this age group. This is perhaps particularly important for 

muscle strength and function, owing to their strong associations with risk of adverse outcomes 

considered in this thesis, and also for BMD, given its strong association with risk of fragility 

fractures. Both lower levels and accelerated declines in some parameters were associated with 

the same adverse health outcome in this thesis. This suggests that the combined use of absolute 

levels of parameters as well as rates of change over time could be used to improve the 

identification of individuals most at risk of adverse outcomes and who are likely to benefit most 

from interventions. This is also supported by results showing that prior declines in ALM, fat mass 

and hip BMD over a period of 2-4 years were related to greater risk of adverse outcomes even 

after accounting for the most recently measured value. Overall, a population-based holistic 

approach to intervention strategies among older people that aims to preserve level and reduce 

rate of decline in musculoskeletal parameters may be more beneficial than interventions which 

target specific clinical phenotypes274 275. 

 

4.4.2 Evidence-based algorithms for sarcopenia 

Findings from this thesis also have implications for diagnostic algorithms for sarcopenia (various 

algorithms for defining sarcopenia are presented in Table 37). In this thesis, low gait speed and 

grip strength were associated with increased risk of all adverse outcomes whereas low ALM was 

only related to greater risk of mortality and fragility fracture. These stronger associations between 

muscle strength and function in relation to adverse outcomes, in comparison with lean mass, are 
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well established276, and suggest that these components should be included in definitions of 

sarcopenia with lean mass having less importance or simply not being included. The Sarcopenia 

Definitions and Outcomes Consortium (SDOC) apply this rationale and define sarcopenia as having 

both weak grip strength and slow gait speed276. To arrive at this definition, SDOC used data from 

eight cohorts to identify cut-points for muscle strength (with and without standardisation for 

body size and composition) and lean mass measures that discriminate older participants with slow 

gait speed (<0.8 m/s). The predictive capacity of these cut-points in relation to incident adverse 

outcomes (falls, hip fractures, mobility limitation, and mortality) was then evaluated277. 

Participants with both muscle weakness according to absolute grip strength (<35.5 kg in men and 

<20 kg in women) and slow gait speed (<0.8 m/s) were more likely to experience each of the 

adverse outcomes compared to those without either low grip strength or slow gait speed; lean 

mass measures were not consistently associated with these outcomes and, therefore, were not 

included in the sarcopenia diagnostic algorithm. 
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Table 37: Diagnostic algorithms for sarcopenia 

Definition Algorithm Cut-points used in algorithm 

Sarcopenia Definition and 

Outcomes Consortium              

(SDOC)276 277 

Low grip strength and 

gait speed 

Grip strength: <35.5 kg (men) and <20 kg 

(women) 

Gait speed: <0.8 m/s 

European Working Group on 

Sarcopenia in Older People 

(EWGSOP)278  

Low lean mass and 

either low grip 

strength or gait speed 

Grip strength: <30 kg (men), <20 kg (women) 

Gait speed: ≤0.8 m/s 

ALM/height2: ≤7.23 kg/m2 (men), ≤5.67 kg/m2 

(women) 

Other cut-points for EWGSOP components are 

also recommended 

Revised European Working 

Group on Sarcopenia in Older 

People (EWGSOP2)13  

Probable sarcopenia: 

Low muscle strength 

 

Confirmed 

sarcopenia: Low 

muscle strength and 

lean mass 

 

Severe sarcopenia: 

Low muscle strength, 

lean mass and physical 

performance 

Different measures of muscle strength, mass 

and physical performance may be used, 

depending on the availability of measures 

 

Low muscle strength 

Grip strength: <27 kg (men), <16 kg (women) 

Chair stands: >15 seconds for five rises 

 

Low lean mass 

ALM: <20 kg (men), <15 kg (women) 

ALM/height2: <7.0 kg/m2 (men), <5.5 kg/m2 

(women) 

 

Low physical performance 

Gait speed: ≤0.8 m/s 

SPPB: ≤8 point score 

TUG: ≥20 seconds 

400m walk: ≥6 minutes or non-completion 

Foundation for the National 

Institutes of Health (FNIH) 

Sarcopenia Project279  

Low grip strength and 

lean mass adjusted for 

BMI 

Grip strength: <26 kg (men), <16 kg (women) 

ALM/BMI: <0.789 (men), <0.512 (women) 

International Working Group 

on Sarcopenia (IWGS)14 

Low gait speed and 

lean mass 

Gait speed: <1.0 m/s 

ALM/height2: ≤7.23 kg/m2 (men), ≤5.67 kg/m2 

(women) 

ALM: Appendicular lean mass; SPPB: Short physical performance battery; TUG: Timed up-and-go 
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Although the revised 2019 EWGSOP definition (EWGSOP2) still uses a combination of low muscle 

strength and lean mass to confirm sarcopenia, muscle strength is regarded as the primary 

component of sarcopenia and is used alone to define probable sarcopenia; severe sarcopenia is 

regarded as having low muscle strength, lean mass and physical performance13. This approach 

was based on evidence which suggested that muscle strength and physical performance predict 

adverse outcomes better than lean mass and that muscle strength is the most reliable measure of 

muscle function. However SDOC identifies the following limitations with the revised EWGSOP2 

definition: cut-points are based on distributions of parameters across the lifecourse, rather than 

cut-points which optimise the predictions of adverse outcomes; and many different parameters 

can be used for each sarcopenia component (Table 37). In contrast, the original 2010 EWGSOP 

definition considered lean mass as a principal component of sarcopenia and defined sarcopenia as 

having low lean mass along with either low muscle strength or performance278.  

The Foundation for the National Institutes of Health (FNIH) Sarcopenia Project recognised that 

low lean mass is related to weakness and weakness is associated with reduced function and 

disability279. Therefore, to develop an algorithm to define sarcopenia, the following approach was 

implemented using several cohort studies: identify optimum grip strength cut-points for mobility 

impairment (gait speed <0.8 m/s); identify optimum ALM and ALM/BMI cut-points according to 

these grip strength cut-points; and examine the predictive capacity of these derived cut-points for 

predicting incident mobility impairment and mortality280. Sarcopenia was defined as having both 

low grip strength (<26kg for men and <16kg for women) and low ALM (kg) / BMI (kg/m2) (<0.789 

for men and <0.512 for women) as each of these were associated with increased risk of incident 

mobility impairment. Possible limitations of this approach are that low ALM/BMI was not 

associated with mortality and many important adverse outcomes such as fractures and falls were 

not examined. 

The International Working Group on Sarcopenia (IWGS) defined sarcopenia in 2011 as the ‘age-

associated loss of skeletal muscle mass and function’14. Therefore, they proposed that a diagnosis 

of sarcopenia should involve screening for low physical function among high risk patients, such as 

those who are non-ambulatory or who cannot rise from a chair unassisted, followed by an 

assessment of lean mass using DXA among those with low physical function. Consequently, both 

low gait speed (<1.0 m/s) and low appendicular lean mass index (≤7.23 kg/m2 for men and ≤5.67 

kg/m2 for women) are required for a sarcopenia diagnosis according to the IWGS algorithm. A 

limitation of this approach is that neither of these cut-points were optimised according to their 

capacity to predict clinically relevant outcomes: the lean mass cut-point corresponds to the 
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bottom fifth of the sex-specific distribution for healthy young adults and a justification for the gait 

speed cut-point was not provided. Furthermore, grip strength, now regarded as a key component 

of sarcopenia, is not included in the diagnostic algorithm. 

In summary, the findings in this thesis of stronger associations between muscle strength and 

function in relation to adverse outcomes, in comparison with lean mass, are in agreement with 

previous research over the last 10 years. These insights have resulted in the more recent 

definitions of sarcopenia placing less importance on lean mass (EWGSOP2) or even not including 

this component of sarcopenia in the definition (SDOC). The findings in this thesis support this 

approach. 

 

4.4.3 Statistical implications for the analysis of longitudinal change in musculoskeletal 

aging parameters 

The findings of this thesis have implications for the statistical analysis of longitudinal data in the 

field of musculoskeletal aging. Few insights were gained from the use of advanced techniques to 

derive trajectory groups (those from LCT models had approximately parallel mean trajectories and 

those from GMM contained a dominant group comprising over 85% of the sample). As such, an 

LME model with a single population-average trajectory may be sufficient for the description of 

longitudinal changes in musculoskeletal parameters among older people. However, if there had 

been groups in the sample with markedly different mean trajectories, an LME model would have 

been overly simplistic. Therefore, a more rigorous approach for the analysis of longitudinal 

changes in musculoskeletal parameters over time may include examining whether there is 

evidence of multiple trajectory groups using GMM or LCT models and then using an LME model if 

change can be adequately described using a single population-average trajectory.  

Bivariate dual change score models (BDCSM), used to examine temporal relationships between 

changes in characteristics over time, failed to converge in most scenarios. This outcome, together 

with the limited insights obtained from the LCT and GMM, perhaps suggests that age-related 

changes in musculoskeletal and body composition parameters among people of this age group 

exhibit too little between-individual variation to be suitably analysed using these techniques. This 

may be more likely in the Health ABC Study, compared to other cohorts, as the selection of 

participants who were free of mobility disability at baseline is likely to have resulted in a more 

homogenous sample, perhaps with similar rates of change in parameters. Instead of 

implementing BDCSM, the temporal correlations between changes in musculoskeletal parameters 

can be ascertained simply by examining associations between change measures ascertained over 
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two intervals, as was performed in this thesis. Although simplistic, this approach can be made 

more robust by deriving change measures from multiple repeated measurements, provided these 

are available, and by implementing regression approaches to examine associations between 

change measures whilst accounting for potential confounders. 

This thesis has demonstrated that longitudinal changes in parameters can be characterised by 

analysing changes in the corresponding z-scores obtained using the LMS method. This method 

accounts for age in the derivation of z-scores and therefore results in approximately linear 

changes in mean z-scores for each characteristic over time which are straightforward for 

researchers to analyse. The use of these change measures as predictors or outcomes in statistical 

models is suitable if quantifying the effect of standard deviation differences in such measures is of 

interest. However, a disadvantage of this approach is that converting changes in z-scores back to 

the original scale of measurement is not possible. 

 

4.4.4 Future research 

The findings of this thesis have implications for future research on musculoskeletal aging. 

Significant and positive correlations between changes in musculoskeletal parameters were 

observed in this thesis which is consistent with the mechanostat hypothesis on the interrelated 

nature of muscle and bone physiology. Therefore, for a comprehensive understanding of muscle 

and bone health among older people, future aging cohorts should ascertain data on a wide array 

of musculoskeletal parameters. Furthermore, for a more accurate characterisation of longitudinal 

changes in these parameters, cohorts should also measure these parameters at three or more 

time points; this is the minimum number of repeated measures required to investigate non-linear 

changes. The Health ABC study was the only cohort identified from the literature reviews that had 

ascertained a wide range of musculoskeletal parameters at multiple time points.  

This thesis validates the position of SDOC that muscle mass is less strongly associated with 

adverse health outcomes compared to muscle strength or function, so these latter characteristics 

should feature as components in definitions of sarcopenia. However, neither this thesis nor the 

research by SDOC, proposes cut-points for both grip strength and gait speed that are based on 

optimum thresholds for predicting clinically relevant outcomes, for example, by implementing 

receiver operating characteristic analyses. Therefore, future research could focus on this topic, 

potentially utilising data from multiple cohorts.  
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This thesis is based on data from a cohort of community-dwelling older US men and women who 

were free of mobility disability at baseline which limits the generalisability of findings. Therefore, 

where data are available, replication of these findings among nationally representative cohorts, 

such as the US National Health and Nutrition Examination Survey, and among cohorts of different 

ethnicities and countries, could be performed.  

Alongside components of sarcopenia (grip strength, gait speed and ALM), body composition 

parameters such as BMD and total fat mass, ascertained using DXA, were also examined in this 

thesis. For a more comprehensive assessment of bone health, future studies could explore similar 

research questions as in this thesis but using bone microarchitecture parameters, ascertained 

from peripheral quantitative computed tomography (pQCT) or high resolution peripheral 

quantitative computed tomography (HRpQCT) scans; information on bone microarchitecture was 

not available in the Health ABC Study. Similarly, more detailed information on adiposity, such as 

body fat distribution and measures of visceral adipose tissue, could be examined in future studies 

of the determinants and health-related consequences of levels and changes in measures of 

adiposity.   

Investigation of the determinants and health-related consequences of different definitions of 

sarcopenia was beyond the scope of this thesis. However, this could be addressed in future 

research, ideally using nationally representative cohorts in which a higher prevalence of 

sarcopenia, than was identified in the Health ABC Study, would enable a more robust 

investigation of this research area. The determinants and adverse consequences of related 

conditions such as sarcopenic obesity and osteosarcopenia (coexistence of osteoporosis and 

sarcopenia) could also be addressed in future research using nationally representative cohorts. 

 

4.4.5 Summary of epidemiological and statistical recommendations from this thesis 

Promotion of musculoskeletal health in older age and development of diagnostic algorithms for 

sarcopenia 

 

• Develop interventions to maximise levels of musculoskeletal parameters attained in early 

adulthood and to reduce rates of decline from midlife onwards. This may involve 

improving: the intrauterine environment; health behaviours such as physical activity and 

diet quality throughout the lifecourse; and muscle strength through the use of resistance 

exercises. 
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• Use a combination of absolute levels of parameters and rates of change over time to 

improve identification of individuals most at risk of adverse outcomes and who are likely 

to benefit most from interventions. 

• Sarcopenia algorithms should be based on grip strength and gait speed, rather than lean 

mass, due to their greater predictive capacity regarding adverse health outcomes. 

 

Statistical analysis of longitudinal changes in musculoskeletal aging 

 

• Cohort studies which aim to investigate longitudinal changes in musculoskeletal 

parameters should:  

o include a wide range of parameters relating to muscle strength, function and 

body composition (including bone);  

o measure these parameters at three or more time-points. 

• Before analysing longitudinal changes, evidence of multiple trajectory groups should be 

explored using GMM or LCT models; use of an LME model is suitable if change can be 

adequately described using a single population-average trajectory. 

• Temporal correlations between changes in parameters could be ascertained by examining 

associations between change measures ascertained over two intervals, rather than 

implementing BDCSM which are likely to suffer from convergence problems. 

• Examining longitudinal changes in LMS z-scores of musculoskeletal parameters is an 

effective method to assess change in the age- and sex-specific ranking of a participant’s 

values over time. 
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Supplementary material 

Appendix 1: Estimated annual percentage change in characteristics according to sex and 

ethnicity 

 

 

ALM: Appendicular lean mass; BMD: Bone mineral density 

The three vertical lines in the box represent the lower quartile (Q1), median and upper quartile (Q3). The lower whisker 
is the smallest value that is greater than Q1 − 1.5 × IQR and the upper quartile is the largest value which is less than Q3 
+ 1.5 × IQR, where IQR = Q3-Q1. 

Estimates of percentage change for each participant were derived using person-specific linear regression models for 
percentage change since baseline calculated at each time-point as the outcome with age at each time-point as the only 
predictor. Annual percentage change is given by the regression coefficient for age. 

Analyses restricted to 1418 men (907 white and 511 black) and 1499 women (823 white and 676 black) with data on at 
least one change measure. 
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Appendix 2: Mean (95% CI) trajectories of characteristics according to sex and ethnicity 

  

 

ALM: Appendicular lean mass; BMD: Bone mineral density 

Mean trajectories were derived using linear mixed effects models with random intercepts and slopes. 
Quadratic and cubic age terms were included as fixed effects if significant (p<0.05) 

For each characteristic, trajectories from participants with at least two observations were included 
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Appendix 3: Proportion of variance at follow-up (Year 10) explained by baseline level and 

conditional change since baseline according to sex and ethnicity 

 

 

 

 

 

Measures of conditional change were derived using a residual change method and were independent of 
baseline level 

Analyses restricted to 735 men (518 white and 217 black) and 864 women (529 white and 335 black) with 
data on at least one change measure 
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Appendix 4: Mean (95% CI) trajectories among participants with data from at least two time-

points compared to trajectories among participants with data at all time-points 

  

 

Mean trajectories were derived using linear mixed effects models with random intercepts and slopes  

Quadratic and cubic age terms were included as fixed effects if significant (p<0.05) 
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Appendix 5: Mean trajectories of groups from growth mixture models among men with data at 

all time-points 

 

The proportion of men in each group is stated below the graph 
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Appendix 6: Mean trajectories of groups from growth mixture models among women with data 

at all time-points 

 

The proportion of women in each group is stated below the graph
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Appendix 7: Mean trajectories of groups from latent class trajectory models among men with 

data at all time-points 

 

The proportion of men in each group is stated below the graph
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Appendix 8: Mean trajectories of groups from latent class trajectory models among women 

with data at all time-points 

 

The proportion of women in each group is stated below the graph 
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Appendix 9: Sex-stratified associations between participant characteristics and grip strength level 

Participant characteristic 

Grip strength level among men (z-score) Grip strength level among women (z-score) 

Unadjusted Mutually-adjusted Unadjusted Mutually-adjusted 

Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value 

Race (black) 0.33 (0.22,0.43) <0.001 0.36 (0.27,0.46) <0.001 0.51 (0.41,0.61) <0.001 0.40 (0.30,0.50) <0.001 

Age (z-score)* -0.20 (-0.25,-0.15) <0.001 -0.15 (-0.20,-0.11) <0.001 -0.16 (-0.21,-0.11) <0.001 -0.10 (-0.14,-0.05) <0.001 

Height (z-score)* 0.33 (0.28,0.38) <0.001 0.32 (0.28,0.37) <0.001 0.36 (0.31,0.40) <0.001 0.36 (0.31,0.40) <0.001 

Weight-for-height residual (z-score)* 0.10 (0.05,0.15) <0.001 0.09 (0.05,0.14) <0.001 0.10 (0.04,0.15) <0.001 0.08 (0.02,0.13) 0.003 

Ever smoked 0.08 (-0.03,0.19) 0.168   0.03 (-0.07,0.13) 0.612   

Alcohol consumption** -0.01 (-0.06,0.04) 0.679   -0.03 (-0.09,0.02) 0.238   

Physical activity (z-score)* 0.11 (0.06,0.16) <0.001 0.06 (0.01,0.11) 0.013 0.13 (0.08,0.18) <0.001 0.09 (0.04,0.14) <0.001 

Healthy Eating Index (z-score)* 0.03 (-0.02,0.09) 0.244   0.05 (-0.01,0.10) 0.081   

Education** -0.01 (-0.08,0.05) 0.710   -0.11 (-0.18,-0.04) 0.001 -0.12 (-0.19,-0.06) <0.001 

Housing tenure (rent/other) -0.19 (-0.31,-0.06) 0.003 -0.17 (-0.28,-0.05) 0.004 -0.12 (-0.23,-0.01) 0.029 -0.13 (-0.23,-0.03) 0.011 

Number of systems medicated* -0.05 (-0.09,-0.02) 0.005 -0.05 (-0.08,-0.01) 0.007 -0.02 (-0.06,0.02) 0.305   
         

*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; other estimates are for the presence versus absence of the characteristic 

Significant associations (p<0.05) are highlighted in bold and red 

 

 



Supplementary material 

176 

Appendix 10: Sex-stratified associations between participant characteristics and grip strength change 

Participant characteristic 

Grip strength change among men (z-score) Grip strength change among women (z-score)† 

Unadjusted Mutually-adjusted Unadjusted Mutually-adjusted 

Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value 

Race (black) -0.14 (-0.25,-0.03) 0.011 -0.16 (-0.27,-0.05) 0.005 -0.04 (-0.15,0.06) 0.429 -0.07 (-0.18,0.03) 0.183 

Age (z-score)* -0.10 (-0.15,-0.04) <0.001 -0.09 (-0.15,-0.04) 0.001 -0.02 (-0.07,0.04) 0.552 -0.03 (-0.08,0.03) 0.311 

Height (z-score)* 0.00 (-0.05,0.05) 0.993   -0.06 (-0.11,-0.01) 0.022 -0.06 (-0.11,-0.01) 0.026 

Weight-for-height residual (z-score)* -0.01 (-0.06,0.05) 0.827   0.01 (-0.05,0.06) 0.859   

Ever smoked 0.02 (-0.10,0.13) 0.785   0.01 (-0.10,0.11) 0.872   

Alcohol consumption** -0.03 (-0.08,0.02) 0.247   -0.01 (-0.07,0.05) 0.757   

Physical activity (z-score)* 0.05 (-0.01,0.10) 0.079   -0.02 (-0.07,0.03) 0.481   

Healthy Eating Index (z-score)* -0.04 (-0.09,0.02) 0.200   -0.01 (-0.06,0.05) 0.786   

Education** 0.00 (-0.07,0.07) 0.932   -0.00 (-0.07,0.07) 0.941   

Housing tenure (rent/other) -0.02 (-0.15,0.11) 0.764   0.21 (0.09,0.32) <0.001 0.21 (0.10,0.32) <0.001 

Number of systems medicated* -0.04 (-0.08,-0.01) 0.022 -0.04 (-0.08,-0.01) 0.022 -0.06 (-0.11,-0.02) 0.003 -0.06 (-0.11,-0.02) 0.004 

*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; other estimates are for the presence versus absence of the characteristic 
†Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and extracting random slopes 
A positive regression coefficient for grip strength change illustrates that an increase/presence of the predictor was associated with reduced loss of grip strength 
over time and a negative coefficient reflects accelerated loss of grip strength 
Significant associations (p<0.05) are highlighted in bold and red 
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Appendix 11: Sex-stratified associations between participant characteristics and gait speed level 

Participant characteristic 

Gait speed level among men (z-score) Gait speed level among women (z-score) 

Unadjusted Mutually-adjusted Unadjusted Mutually-adjusted 

Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value 

Race (black) -0.66 (-0.77,-0.55) <0.001 -0.48 (-0.59,-0.36) <0.001 -0.71 (-0.81,-0.62) <0.001 -0.48 (-0.59,-0.38) <0.001 

Age (z-score)* -0.18 (-0.24,-0.13) <0.001 -0.19 (-0.24,-0.14) <0.001 -0.20 (-0.25,-0.15) <0.001 -0.21 (-0.26,-0.16) <0.001 

Height (z-score)* 0.06 (0.01,0.11) 0.030 0.05 (-0.00,0.10) 0.064 0.03 (-0.02,0.08) 0.250   

Weight-for-height residual (z-score)* -0.13 (-0.18,-0.07) <0.001 -0.12 (-0.17,-0.07) <0.001 -0.20 (-0.26,-0.15) <0.001 -0.22 (-0.27,-0.17) <0.001 

Ever smoked -0.19 (-0.30,-0.07) 0.001 -0.16 (-0.28,-0.05) 0.004 -0.02 (-0.12,0.08) 0.696   

Alcohol consumption** 0.08 (0.03,0.13) 0.002 0.05 (0.00,0.10) 0.035 0.11 (0.06,0.17) <0.001 0.08 (0.02,0.13) 0.008 

Physical activity (z-score)* 0.15 (0.09,0.20) <0.001 0.13 (0.08,0.18) <0.001 0.08 (0.03,0.13) 0.002 0.12 (0.07,0.16) <0.001 

Healthy Eating Index (z-score)* 0.10 (0.04,0.15) <0.001 0.07 (0.02,0.12) 0.012 0.09 (0.04,0.14) 0.001 0.08 (0.03,0.13) 0.001 

Education** 0.21 (0.14,0.27) <0.001 0.15 (0.08,0.21) <0.001 0.16 (0.10,0.23) <0.001 0.10 (0.03,0.17) 0.003 

Housing tenure (rent/other) -0.14 (-0.27,-0.01) 0.033 -0.10 (-0.22,0.02) 0.113 -0.08 (-0.19,0.03) 0.142   

Number of systems medicated* -0.05 (-0.09,-0.01) 0.011 -0.04 (-0.08,-0.00) 0.028 -0.07 (-0.11,-0.03) <0.001 -0.06 (-0.10,-0.02) 0.003 
         

*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; other estimates are for the presence versus absence of the characteristic 

Significant associations (p<0.05) are highlighted in bold and red 
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Appendix 12: Sex-stratified associations between participant characteristics and gait speed change 

Participant characteristic 

Gait speed change among men (z-score) Gait speed change among women (z-score)† 

Unadjusted Mutually-adjusted Unadjusted Mutually-adjusted 

Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value 

Race (black) 0.17 (0.05,0.29) 0.005 0.16 (0.04,0.28) 0.007 0.04 (-0.07,0.15) 0.465   

Age (z-score)* -0.07 (-0.13,-0.01) 0.018 -0.07 (-0.13,-0.02) 0.012 -0.02 (-0.07,0.04) 0.550   

Height (z-score)* -0.03 (-0.09,0.02) 0.265   -0.01 (-0.07,0.04) 0.648   

Weight-for-height residual (z-score)* -0.06 (-0.12,-0.00) 0.040 -0.06 (-0.11,0.00) 0.060 -0.06 (-0.12,0.00) 0.055   

Ever smoked -0.03 (-0.15,0.10) 0.677   -0.01 (-0.12,0.10) 0.847   

Alcohol consumption** -0.01 (-0.06,0.05) 0.751   0.03 (-0.03,0.10) 0.293   

Physical activity (z-score)* -0.00 (-0.06,0.06) 0.987   -0.01 (-0.07,0.04) 0.677   

Healthy Eating Index (z-score)* 0.01 (-0.05,0.07) 0.754   -0.05 (-0.10,0.01) 0.093   

Education** 0.00 (-0.07,0.08) 0.956   0.01 (-0.06,0.09) 0.737   

Housing tenure (rent/other) -0.01 (-0.15,0.14) 0.931   -0.03 (-0.15,0.09) 0.638   

Number of systems medicated* -0.04 (-0.08,-0.00) 0.049 -0.04 (-0.08,0.00) 0.075 -0.02 (-0.06,0.03) 0.406     

*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; other estimates are for the presence versus absence of the characteristic 
†Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and extracting random slopes 
A positive regression coefficient for gait speed change illustrates that an increase/presence of the predictor was associated with reduced loss of gait speed over 
time and a negative coefficient reflects accelerated loss of gait speed 
Significant associations (p<0.05) are highlighted in bold and red 
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Appendix 13: Sex-stratified associations between participant characteristics and appendicular lean mass level 

Participant characteristic 

ALM level among men (z-score) ALM level among women (z-score) 

Unadjusted Mutually-adjusted Unadjusted Mutually-adjusted 

Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value 

Race (black) 0.46 (0.36,0.57) <0.001 0.58 (0.48,0.67) <0.001 0.93 (0.84,1.02) <0.001 0.86 (0.78,0.95) <0.001 

Age (z-score)* -0.16 (-0.21,-0.11) <0.001 -0.12 (-0.16,-0.07) <0.001 -0.14 (-0.19,-0.10) <0.001 -0.08 (-0.12,-0.04) <0.001 

Height (z-score)* 0.53 (0.49,0.58) <0.001 0.52 (0.48,0.57) <0.001 0.37 (0.33,0.41) <0.001 0.36 (0.32,0.40) <0.001 

Weight-for-height residual (z-score)* 0.65 (0.61,0.69) <0.001   0.68 (0.65,0.71) <0.001   

Ever smoked -0.03 (-0.14,0.08) 0.552   -0.03 (-0.12,0.06) 0.451   

Alcohol consumption** -0.04 (-0.09,0.01) 0.120   -0.06 (-0.12,-0.01) 0.015 -0.03 (-0.08,0.01) 0.146 

Physical activity (z-score)* 0.21 (0.16,0.25) <0.001 0.14 (0.10,0.19) <0.001 0.19 (0.14,0.23) <0.001 0.17 (0.13,0.21) <0.001 

Healthy Eating Index (z-score)* 0.06 (0.01,0.11) 0.03 0.04 (-0.00,0.09) 0.059 0.04 (-0.01,0.09) 0.095   

Education** -0.00 (-0.07,0.06) 0.945   -0.12 (-0.18,-0.05) <0.001 -0.13 (-0.18,-0.07) <0.001 

Housing tenure (rent/other) -0.14 (-0.27,-0.02) 0.023 -0.10 (-0.21,0.00) 0.061 0.03 (-0.07,0.13) 0.520   

Number of systems medicated* -0.01 (-0.05,0.03) 0.547   0.07 (0.03,0.10) <0.001 0.07 (0.03,0.10) <0.001 
         

*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; other estimates are for the presence versus absence of the characteristic 

Significant associations (p<0.05) are highlighted in bold and red 
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Appendix 14: Sex-stratified associations between participant characteristics and appendicular lean mass change 

Participant characteristic 

ALM change among men (z-score) ALM change among women (z-score)† 

Unadjusted Mutually-adjusted Unadjusted Mutually-adjusted 

Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value 

Race (black) -0.17 (-0.28,-0.06) 0.003 -0.11 (-0.23,0.01) 0.074 0.07 (-0.04,0.17) 0.213 0.06 (-0.04,0.17) 0.221 

Age (z-score)* -0.05 (-0.11,-0.00) 0.046 -0.08 (-0.13,-0.02) 0.005 -0.05 (-0.10,0.01) 0.085 -0.03 (-0.08,0.02) 0.227 

Height (z-score)* -0.00 (-0.06,0.05) 0.937   0.11 (0.06,0.17) <0.001 0.11 (0.06,0.17) <0.001 

Weight-for-height residual (z-score)* -0.06 (-0.12,-0.01) 0.020 -0.07 (-0.12,-0.01) 0.016 0.04 (-0.01,0.10) 0.137   

Ever smoked -0.10 (-0.22,0.01) 0.088   -0.01 (-0.12,0.09) 0.778   

Alcohol consumption** 0.03 (-0.02,0.08) 0.303   0.01 (-0.05,0.07) 0.782   

Physical activity (z-score)* -0.06 (-0.11,-0.01) 0.022 -0.04 (-0.10,0.01) 0.107 0.02 (-0.03,0.07) 0.478   

Healthy Eating Index (z-score)* 0.07 (0.02,0.13) 0.012 0.08 (0.02,0.13) 0.008 0.04 (-0.02,0.09) 0.187   

Education** 0.05 (-0.02,0.12) 0.157   -0.00 (-0.07,0.07) 0.991   

Housing tenure (rent/other) -0.01 (-0.14,0.12) 0.883   0.01 (-0.10,0.12) 0.843   

Number of systems medicated* -0.02 (-0.06,0.02) 0.248   -0.03 (-0.07,0.01) 0.135   

*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; other estimates are for the presence versus absence of the characteristic 
†Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and extracting random slopes 
A positive regression coefficient for ALM change illustrates that an increase/presence of the predictor was associated with reduced loss of ALM over time and a 
negative coefficient reflects accelerated loss of ALM 
Significant associations (p<0.05) are highlighted in bold and red 
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Appendix 15: Sex-stratified associations between participant characteristics and fat mass level 

Participant characteristic 

Fat mass level among men (z-score) Fat mass level among women (z-score) 

Unadjusted Mutually-adjusted Unadjusted Mutually-adjusted 

Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value 

Race (black) -0.22 (-0.33,-0.11) <0.001 -0.17 (-0.28,-0.07) 0.002 0.48 (0.38,0.58) <0.001 0.39 (0.28,0.49) <0.001 

Age (z-score)* -0.06 (-0.11,-0.00) 0.038 -0.03 (-0.08,0.02) 0.248 -0.12 (-0.16,-0.07) <0.001 -0.08 (-0.13,-0.03) 0.001 

Height (z-score)* 0.23 (0.18,0.28) <0.001 0.22 (0.17,0.27) <0.001 0.15 (0.11,0.20) <0.001 0.14 (0.09,0.19) <0.001 

Weight-for-height residual (z-score)* 0.89 (0.86,0.91) <0.001   0.96 (0.94,0.98) <0.001   

Ever smoked 0.10 (-0.02,0.21) 0.090   -0.02 (-0.12,0.08) 0.681   

Alcohol consumption** -0.03 (-0.08,0.02) 0.312   -0.06 (-0.12,-0.00) 0.038 -0.03 (-0.09,0.02) 0.246 

Physical activity (z-score)* 0.10 (0.05,0.15) <0.001 0.08 (0.03,0.13) 0.001 0.20 (0.15,0.25) <0.001 0.22 (0.17,0.26) <0.001 

Healthy Eating Index (z-score)* 0.01 (-0.05,0.06) 0.855   0.03 (-0.02,0.08) 0.252   

Education** -0.01 (-0.08,0.06) 0.737   -0.11 (-0.18,-0.04) 0.001 -0.10 (-0.17,-0.03) 0.004 

Housing tenure (rent/other) 0.02 (-0.11,0.15) 0.793   0.14 (0.03,0.25) 0.010 0.18 (0.08,0.28) 0.001 

Number of systems medicated* 0.05 (0.01,0.08) 0.016 0.06 (0.02,0.09) 0.003 0.08 (0.04,0.12) <0.001 0.09 (0.05,0.12) <0.001 
         

*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; other estimates are for the presence versus absence of the characteristic 

Significant associations (p<0.05) are highlighted in bold and red 
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Appendix 16: Sex-stratified associations between participant characteristics and fat mass change 

Participant characteristic 

Fat mass change among men (z-score) Fat mass change among women (z-score)† 

Unadjusted Mutually-adjusted Unadjusted Mutually-adjusted 

Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value 

Race (black) -0.07 (-0.18,0.04) 0.214 -0.08 (-0.19,0.03) 0.162 -0.17 (-0.27,-0.06) 0.001 -0.17 (-0.27,-0.06) 0.001 

Age (z-score)* -0.02 (-0.07,0.03) 0.500 -0.03 (-0.08,0.03) 0.342 -0.05 (-0.10,-0.00) 0.040 -0.05 (-0.10,-0.00) 0.040 

Height (z-score)* -0.04 (-0.09,0.01) 0.139   0.05 (-0.00,0.10) 0.061   

Weight-for-height residual (z-score)* -0.02 (-0.07,0.04) 0.564   -0.00 (-0.06,0.05) 0.982   

Ever smoked -0.00 (-0.12,0.11) 0.997   0.02 (-0.08,0.13) 0.680   

Alcohol consumption** -0.01 (-0.07,0.04) 0.567   -0.01 (-0.07,0.05) 0.682   

Physical activity (z-score)* -0.08 (-0.13,-0.03) 0.003 -0.08 (-0.13,-0.03) 0.003 0.02 (-0.03,0.07) 0.485   

Healthy Eating Index (z-score)* 0.03 (-0.02,0.09) 0.256   0.04 (-0.01,0.10) 0.118   

Education** 0.00 (-0.07,0.07) 0.988   0.06 (-0.01,0.13) 0.095   

Housing tenure (rent/other) 0.00 (-0.13,0.14) 0.946   -0.03 (-0.14,0.08) 0.616   

Number of systems medicated* 0.01 (-0.03,0.05) 0.536   -0.01 (-0.05,0.04) 0.805   

*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; other estimates are for the presence versus absence of the characteristic 
†Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and extracting random slopes 
A positive regression coefficient for fat mass change illustrates that an increase/presence of the predictor was associated with reduced loss of fat mass over time 
and a negative coefficient reflects accelerated loss of fat mass 
Significant associations (p<0.05) are highlighted in bold and red 
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Appendix 17: Sex-stratified associations between participant characteristics and hip BMD level 

Participant characteristic 

Hip BMD level among men (z-score) Hip BMD level among women (z-score) 

Unadjusted Mutually-adjusted Unadjusted Mutually-adjusted 

Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value 

Race (black) 0.50 (0.39,0.61) <0.001 0.55 (0.45,0.66) <0.001 0.61 (0.51,0.71) <0.001 0.39 (0.29,0.48) <0.001 

Age (z-score)* -0.07 (-0.12,-0.01) 0.015 -0.03 (-0.08,0.02) 0.194 -0.15 (-0.20,-0.10) <0.001 -0.07 (-0.11,-0.02) 0.003 

Height (z-score)* 0.12 (0.07,0.18) <0.001 0.12 (0.07,0.17) <0.001 0.10 (0.05,0.15) <0.001 0.12 (0.07,0.16) <0.001 

Weight-for-height residual (z-score)* 0.40 (0.36,0.45) <0.001 0.40 (0.35,0.45) <0.001 0.52 (0.47,0.56) <0.001 0.49 (0.45,0.54) <0.001 

Ever smoked -0.06 (-0.18,0.05) 0.266   -0.04 (-0.14,0.06) 0.389   

Alcohol consumption** 0.01 (-0.04,0.06) 0.614   0.07 (0.01,0.12) 0.026 0.10 (0.05,0.15) <0.001 

Physical activity (z-score)* 0.13 (0.08,0.18) <0.001 0.07 (0.02,0.11) 0.010 0.19 (0.14,0.24) <0.001 0.08 (0.04,0.13) <0.001 

Healthy Eating Index (z-score)* 0.09 (0.04,0.15) 0.001 0.07 (0.02,0.12) 0.005 0.08 (0.02,0.13) 0.004 0.05 (0.00,0.09) 0.033 

Education** 0.05 (-0.02,0.12) 0.136   -0.02 (-0.09,0.05) 0.618   

Housing tenure (rent/other) 0.01 (-0.12,0.15) 0.844   -0.10 (-0.20,0.01) 0.084   

Number of systems medicated* 0.04 (0.00,0.08) 0.028 0.02 (-0.02,0.05) 0.293 0.08 (0.04,0.12) <0.001 0.03 (-0.00,0.07) 0.058 
         

*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; other estimates are for the presence versus absence of the characteristic 

Significant associations (p<0.05) are highlighted in bold and red 
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Appendix 18: Sex-stratified associations between participant characteristics and hip BMD change 

Participant characteristic 

Hip BMD change among men (z-score) Hip BMD change among women (z-score)† 

Unadjusted Mutually-adjusted Unadjusted Mutually-adjusted 

Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value 

Race (black) -0.27 (-0.39,-0.16) <0.001 -0.23 (-0.35,-0.11) <0.001 -0.39 (-0.49,-0.28) <0.001 -0.39 (-0.49,-0.28) <0.001 

Age (z-score)* -0.11 (-0.16,-0.06) <0.001 -0.13 (-0.18,-0.07) <0.001 -0.08 (-0.13,-0.02) 0.004 -0.08 (-0.14,-0.03) 0.002 

Height (z-score)* -0.06 (-0.11,-0.01) 0.031 -0.06 (-0.12,-0.00) 0.041 -0.00 (-0.06,0.05) 0.912   

Weight-for-height residual (z-score)* 0.03 (-0.03,0.08) 0.303   -0.05 (-0.10,0.01) 0.101   

Ever smoked 0.03 (-0.09,0.15) 0.589   0.10 (0.00,0.21) 0.050   

Alcohol consumption** 0.03 (-0.02,0.08) 0.229   0.01 (-0.05,0.07) 0.791   

Physical activity (z-score)* -0.03 (-0.08,0.03) 0.347   -0.06 (-0.11,-0.01) 0.018 -0.06 (-0.11,-0.01) 0.018 

Healthy Eating Index (z-score)* 0.07 (0.02,0.13) 0.012 0.08 (0.02,0.13) 0.010 0.04 (-0.02,0.09) 0.202   

Education** 0.04 (-0.03,0.11) 0.242   0.06 (-0.01,0.13) 0.080   

Housing tenure (rent/other) 0.06 (-0.08,0.20) 0.404   0.10 (-0.01,0.21) 0.088   

Number of systems medicated* -0.01 (-0.05,0.03) 0.770   -0.02 (-0.06,0.02) 0.359   

*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; other estimates are for the presence versus absence of the characteristic 
†Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and extracting random slopes 

A positive regression coefficient for hip BMD change illustrates that an increase/presence of the predictor was associated with reduced loss of hip BMD over time 
and a negative coefficient reflects accelerated loss of hip BMD 
Significant associations (p<0.05) are highlighted in bold and red 
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Appendix 19: Pearson correlations between changes in characteristics over Years 1-10 among 

white men 

 

 

 

 

 

 

 

 

 

 

 

 

  
Grip strength Gait speed ALM Fat mass 

  

 
    

Gait speed 0.09    
P-value 0.006    
     
ALM 0.28 0.11   
P-value <0.001 0.001   
     
Fat mass 0.09 0.06 0.40  
P-value 0.008 0.108 <0.001  
     
Hip BMD 0.27 0.22 0.44 0.24 
P-value <0.001 <0.001 <0.001 <0.001 

     
BMD: Bone mineral density; ALM: Appendicular lean mass 

Changes in gait speed were ascertained from Years 2-10 

Change measures were ascertained by applying linear mixed effects models to z-
scores (derived from generalised additive models for location, scale and shape) and 
extracting random slopes 

Correlations between sex-specific z-scores for these change measures are presented 

White men with at least two change measures (n=899) were included; each change 
measure requires values of the characteristic at two or more time-points from Years 
1-10 

Significant correlations (p<0.05) are in bold; correlations where r>0.3 are in bold and 
underlined 
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Appendix 20: Pearson correlations between changes in characteristics over Years 1-10 among 

black men 

  
Grip strength Gait speed ALM Fat mass 

  

 
    

Gait speed 0.12    
P-value 0.012    
     
ALM 0.21 0.03   
P-value <0.001 0.546   
     
Fat mass 0.07 0.05 0.44  
P-value 0.107 0.345 <0.001  
     
Hip BMD 0.18 0.13 0.37 0.30 
P-value <0.001 0.007 <0.001 <0.001 

     
BMD: Bone mineral density; ALM: Appendicular lean mass 

Changes in gait speed were ascertained from Years 2-10 

Change measures were ascertained by applying linear mixed effects models to z-
scores (derived from generalised additive models for location, scale and shape) and 
extracting random slopes 

Correlations between sex-specific z-scores for these change measures are presented 

Black men with at least two change measures (n=507) were included; each change 
measure requires values of the characteristic at two or more time-points from Years 
1-10 

Significant correlations (p<0.05) are in bold; correlations where r>0.3 are in bold and 
underlined 
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Appendix 21: Pearson correlations between changes in characteristics over Years 1-10 among 

white women 

  
Grip strength Gait speed ALM Fat mass 

  

 
    

Gait speed 0.17    
P-value <0.001    
     
ALM 0.17 0.08   
P-value <0.001 0.021   
     
Fat mass 0.08 0.02 0.43  
P-value 0.028 0.675 <0.001  
     
Hip BMD 0.12 0.13 0.30 0.40 
P-value 0.001 <0.001 <0.001 <0.001 

     
BMD: Bone mineral density; ALM: Appendicular lean mass 

Changes in gait speed were ascertained from Years 2-10 

Change measures were ascertained by applying linear mixed effects models to z-
scores (derived from generalised additive models for location, scale and shape) and 
extracting random slopes 

Correlations between sex-specific z-scores for these change measures are presented 

White women with at least two change measures (n=814) were included; each 
change measure requires values of the characteristic at two or more time-points 
from Years 1-10 

Significant correlations (p<0.05) are in bold; correlations where r>0.3 are in bold and 
underlined 
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Appendix 22: Pearson correlations between changes in characteristics over Years 1-10 among 

black women 

  
Grip strength Gait speed ALM Fat mass 

  

 
    

Gait speed 0.08    
P-value 0.043    
     
ALM 0.19 0.04   
P-value <0.001 0.385   
     
Fat mass 0.16 0.02 0.51  
P-value <0.001 0.699 <0.001  
     
Hip BMD 0.18 0.15 0.33 0.43 
P-value <0.001 <0.001 <0.001 <0.001 

     
BMD: Bone mineral density; ALM: Appendicular lean mass 

Changes in gait speed were ascertained from Years 2-10 

Change measures were ascertained by applying linear mixed effects models to z-
scores (derived from generalised additive models for location, scale and shape) and 
extracting random slopes 

Correlations between sex-specific z-scores for these change measures are presented 

Black women with at least two change measures (n=665) were included; each change 
measure requires values of the characteristic at two or more time-points from Years 
1-10 

Significant correlations (p<0.05) are in bold; correlations where r>0.3 are in bold and 
underlined 
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Appendix 23: Pearson correlations between changes in LMS z-scores over Years 1-6 in relation 

to changes in LMS z-scores over Years 6-10 among white men 

Changes in LMS 
z-scores over 
Years 6-10 

Changes in LMS z-scores over Years 1-6 

Grip 
strength 

Gait 
speed ALM Fat 

mass 
Hip 
BMD 

Grip strength -0.41 -0.03 0.07 0.05 0.06 
P-value <0.001 0.535 0.087 0.269 0.127 
       
Gait speed 0.06 -0.15 0.15 0.07 0.08 
P-value 0.130 <0.001 <0.001 0.091 0.074 
       
ALM 0.04 -0.06 -0.02 0.07 0.03 
P-value 0.324 0.188 0.716 0.119 0.449 
       
Fat mass -0.02 -0.02 0.01 -0.03 0.07 
P-value 0.709 0.686 0.779 0.468 0.086 
       
Hip BMD 0.11 0.16 0.22 0.08 0.16 
P-value 0.007 <0.001 <0.001 0.049 <0.001 

      
BMD: Bone mineral density; ALM: Appendicular lean mass 

Change in gait speed was derived over Years 2-6 and Years 6-10; change in hip 
BMD was derived over Years 1-5 and Years 5-10 

Change measures were ascertained by applying linear mixed effects models to z-
scores (derived from generalised additive models for location, scale and shape) 
and extracting random slopes 

Correlations between sex-specific z-scores for these change measures are 
presented 

White men with at least one change measure from both Years 1-6 and Years 6-10 
were included (n=581); each change measure requires values of the characteristic 
at two or more time-points over the interval of assessment 

Significant correlations (p<0.05) are in bold; correlations where r>0.3 are in bold 
and underlined 

 

 

 

 

 

 

 

 



Supplementary material 

190 

Appendix 24: Pearson correlations between changes in LMS z-scores over Years 1-6 in relation 

to changes in LMS z-scores over Years 6-10 among black men 

Changes in LMS 
z-scores over 
Years 6-10 

Changes in LMS z-scores over Years 1-6 

Grip 
strength 

Gait 
speed ALM Fat 

mass 
Hip 
BMD 

Grip strength -0.37 -0.02 -0.01 -0.16 -0.05 
P-value <0.001 0.721 0.847 0.014 0.428 
       
Gait speed 0.12 -0.16 -0.05 -0.01 0.07 
P-value 0.059 0.014 0.489 0.866 0.272 
       
ALM -0.07 -0.06 -0.03 0.10 -0.05 
P-value 0.282 0.337 0.633 0.130 0.414 
       
Fat mass -0.13 -0.03 0.00 -0.03 -0.04 
P-value 0.041 0.605 0.943 0.617 0.507 
       
Hip BMD 0.15 0.04 0.28 0.16 0.12 
P-value 0.019 0.562 <0.001 0.012 0.062 

      
BMD: Bone mineral density; ALM: Appendicular lean mass 

Change in gait speed was derived over Years 2-6 and Years 6-10; change in hip 
BMD was derived over Years 1-5 and Years 5-10 

Change measures were ascertained by applying linear mixed effects models to z-
scores (derived from generalised additive models for location, scale and shape) 
and extracting random slopes 

Correlations between sex-specific z-scores for these change measures are 
presented 

Black men with at least one change measure from both Years 1-6 and Years 6-10 
were included (n=243); each change measure requires values of the characteristic 
at two or more time-points over the interval of assessment 

Significant correlations (p<0.05) are in bold; correlations where r>0.3 are in bold 
and underlined 
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Appendix 25: Pearson correlations between changes in LMS z-scores over Years 1-6 in relation 

to changes in LMS z-scores over Years 6-10 among white women 

Changes in LMS 
z-scores over 
Years 6-10 

Changes in LMS z-scores over Years 1-6 

Grip 
strength 

Gait 
speed ALM Fat 

mass 
Hip 
BMD 

Grip strength -0.27 0.08 0.10 0.05 -0.07 
P-value <0.001 0.055 0.021 0.251 0.096 
       
Gait speed 0.10 -0.25 0.04 0.03 0.07 
P-value 0.021 <0.001 0.405 0.552 0.102 
       
ALM 0.01 0.01 -0.02 0.07 0.01 
P-value 0.933 0.818 0.578 0.089 0.775 
       
Fat mass 0.01 0.06 0.05 0.05 0.07 
P-value 0.924 0.185 0.256 0.271 0.121 
       
Hip BMD 0.04 0.05 0.12 0.21 0.10 
P-value 0.310 0.235 0.005 <0.001 0.016 

      
BMD: Bone mineral density; ALM: Appendicular lean mass 

Change in gait speed was derived over Years 2-6 and Years 6-10; change in hip 
BMD was derived over Years 1-5 and Years 5-10 

Change measures were ascertained by applying linear mixed effects models to z-
scores (derived from generalised additive models for location, scale and shape) 
and extracting random slopes 

Correlations between sex-specific z-scores for these change measures are 
presented 

White women with at least one change measure from both Years 1-6 and Years 6-
10 were included (n=574); each change measure requires values of the 
characteristic at two or more time-points over the interval of assessment 

Significant correlations (p<0.05) are in bold; correlations where r>0.3 are in bold 
and underlined 
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Appendix 26: Pearson correlations between changes in LMS z-scores over Years 1-6 in relation 

to changes in LMS z-scores over Years 6-10 among black women 

Changes in LMS 
z-scores over 
Years 6-10 

Changes in LMS z-scores over Years 1-6 

Grip 
strength 

Gait 
speed ALM Fat 

mass 
Hip 
BMD 

Grip strength -0.25 0.03 0.17 0.19 0.14 
P-value <0.001 0.582 <0.001 <0.001 0.005 
       
Gait speed 0.12 -0.10 0.09 0.03 0.15 
P-value 0.029 <0.001 0.098 0.57 0.005 
       
ALM 0.05 -0.08 0.05 0.10 0.05 
P-value 0.406 0.136 0.364 0.065 0.327 
       
Fat mass -0.06 -0.02 0.12 0.15 0.097 
P-value 0.279 0.734 0.026 0.006 0.075 
       
Hip BMD 0.03 0.07 0.18 0.21 0.03 
P-value 0.524 0.189 <0.001 <0.001 0.557 

      
BMD: Bone mineral density; ALM: Appendicular lean mass 

Change in gait speed was derived over Years 2-6 and Years 6-10; change in hip 
BMD was derived over Years 1-5 and Years 5-10 

Change measures were ascertained by applying linear mixed effects models to z-
scores (derived from generalised additive models for location, scale and shape) 
and extracting random slopes 

Correlations between sex-specific z-scores for these change measures are 
presented 

Black women with at least one change measure from both Years 1-6 and Years 6-
10 were included (n=368); each change measure requires values of the 
characteristic at two or more time-points over the interval of assessment 

Significant correlations (p<0.05) are in bold; correlations where r>0.3 are in bold 
and underlined 
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Appendix 27: Descriptive statistics for the survival analysis of adverse health outcomes with gait speed level and change as exposures 
Characteristic [N(%) or median 
(lower quartile, upper quartile)] All (n=2627) White men 

(n=835) 
Black men 
(n=432) 

Men 
(n=1267) 

White women 
(n=770) 

Black women 
(n=590) 

Women 
(n=1360) 

Age at start of follow-up 78.3 (76.2, 80.8) 78.8 (76.5, 81.1) 78.3 (76.3, 80.7) 78.6 (76.4, 80.9) 78.5 (76.3, 80.8) 77.6 (75.9, 80.3) 78.1 (76.1, 80.6) 
        

Follow-up time        

Death 9.4 (4.9, 11.6) 8.6 (4.5, 11.5) 7.3 (3.2, 11.4) 8.3 (4.0, 11.5) 10.6 (6.6, 11.7) 9.5 (5.2, 11.6) 10.3 (6.0, 11.7) 
Fragility fracture 8.0 (3.8, 9.7) 7.9 (3.9, 9.6) 6.8 (2.9, 9.7) 7.7 (3.5, 9.6) 8.2 (3.8, 9.8) 8.6 (4.4, 9.8) 8.4 (4.1, 9.8) 
Hospital admission 2.7 (0.9, 6.0) 2.4 (0.8, 5.4) 2.0 (0.8, 4.6) 2.3 (0.8, 5.2) 3.3 (1.3, 7.1) 2.9 (0.9, 6.4) 3.1 (1.1, 6.9) 
Fall 2.5 (0.7, 5.1) 2.5 (0.9, 5.5) 2.5 (1.1, 5.9) 2.5 (1.0, 5.7) 2.0 (0.6, 4.8) 2.5 (0.6, 5.3) 2.4 (0.6, 4.9) 
        

Occurrence during follow-up        

Death 1615 (61.5%) 550 (65.9%) 310 (71.8%) 860 (67.9%) 409 (53.1%) 346 (58.6%) 755 (55.5%) 
Fragility fracture 390 (15.2%) 104 (12.7%) 22 (5.1%) 126 (10.1%) 205 (27.7%) 59 (10.3%) 264 (20.1%) 
Hospital admission 2184 (83.1%) 711 (85.1%) 363 (84.0%) 1074 (84.8%) 628 (81.6%) 482 (81.7%) 1110 (81.6%) 
Fall 1631 (71.4%) 505 (69.3%) 187 (56.5%) 692 (65.3%) 573 (81.4%) 366 (70.5%) 939 (76.8%) 
        

Competing risk variable (fragility fracture)       

No fracture or death 1065 (41.6%) 332 (40.7%) 155 (36.0%) 487 (39.1%) 313 (42.4%) 265 (46.1%) 578 (44.0%) 
Death and no fracture** 1106 (43.2%) 380 (46.6%) 254 (58.9%) 634 (50.8%) 221 (29.9%) 251 (43.7%) 472 (35.9%) 
Fracture 390 (15.2%) 104 (12.7%) 22 (5.1%) 126 (10.1%) 205 (27.7%) 59 (10.3%) 264 (20.1%) 
        

Competing risk variable (hospital admission)       

No admission or death 310 (11.8%) 75 (9.0%) 38 (8.8%) 113 (8.9%) 113 (14.7%) 84 (14.2%) 197 (14.5%) 
Death and no admission** 133 (5.1%) 49 (5.9%) 31 (7.2%) 80 (6.3%) 29 (3.8%) 24 (4.1%) 53 (3.9%) 
Admission 2184 (83.1%) 711 (85.1%) 363 (84.0%) 1074 (84.8%) 628 (81.6%) 482 (81.7%) 1110 (81.6%) 
        

Prevalence before follow-up†        
Fragility fracture 128 (5.0%) 26 (3.2%) 5 (1.2%) 31 (2.5%) 72 (9.7%) 25 (4.3%) 97 (7.4%) 
Hospital admission 1240 (47.2%) 441 (52.8%) 216 (50.0%) 657 (51.9%) 308 (40.0%) 275 (46.6%) 583 (42.9%) 
Fall 1450 (63.5%) 450 (61.7%) 156 (47.1%) 606 (57.2%) 511 (72.6%) 333 (64.2%) 844 (69.0%) 
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N(%) relate to the number and proportion of participants experiencing the corresponding event 
**Represent competing events as death prevents the failure event of interest from occurring 
†Events occurring before participants were regarded as being at risk of adverse events in the survival analyses 
252 (64.6%) of those who had a fracture during follow-up also died during follow-up; figures for hospital admission and falls were 1433 (65.6%) and 920 (56.4%) 
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Appendix 28: Descriptive statistics for the survival analysis of adverse health outcomes with ALM level and change as exposures 
Characteristic [N(%) or median 
(lower quartile, upper quartile)] All (n=2856) White men 

(n=890) 
Black men 
(n=497) 

Men 
(n=1387) 

White women 
(n=809) 

Black women 
(n=660) 

Women 
(n=1469) 

Age at start of follow-up 78.2 (76.1, 80.7) 78.7 (76.3, 81.0) 77.9 (75.8, 80.2) 78.4 (76.2, 80.8) 78.4 (76.3, 80.8) 77.5 (75.9, 80.2) 78.0 (76.0, 80.5) 
        

Follow-up time        
Death 8.9 (4.3, 11.6) 8.3 (4.0, 11.5) 6.4 (2.3, 11.2) 7.7 (3.3, 11.5) 10.4 (6.3, 11.7) 9.2 (4.6, 11.6) 10.0 (5.6, 11.7) 
Fragility fracture 7.6 (3.2, 9.7) 7.6 (3.2, 9.6) 6.2 (2.2, 9.6) 6.9 (2.8, 9.6) 8.1 (3.4, 9.7) 8.1 (3.8, 9.7) 8.1 (3.6, 9.7) 
Hospital admission 2.5 (0.8, 5.7) 2.2 (0.7, 5.2) 1.8 (0.7, 4.1) 2.1 (0.7, 4.9) 3.2 (1.1, 7.1) 2.7 (0.9, 6.2) 3.0 (1.0, 6.8) 
Fall 2.4 (0.7, 5.0) 2.5 (0.8, 5.3) 2.5 (1.1, 5.8) 2.5 (1.0, 5.3) 2.0 (0.6, 4.8) 2.4 (0.6, 5.3) 2.1 (0.6, 4.9) 
        

Occurrence during follow-up        
Death 1823 (63.8%) 606 (68.1%) 371 (74.6%) 977 (70.4%) 445 (55.0%) 401 (60.8%) 846 (57.6%) 
Fragility fracture 417 (15.0%) 109 (12.5%) 25 (5.0%) 134 (9.8%) 213 (27.4%) 70 (10.9%) 283 (20.0%) 
Hospital admission 2380 (83.3%) 758 (85.2%) 415 (83.5%) 1173 (84.6%) 663 (82.0%) 544 (82.4%) 1207 (82.2%) 
Fall 1699 (71.1%) 520 (69.6%) 200 (55.9%) 720 (65.2%) 590 (81.0%) 389 (70.0%) 979 (76.2%) 
        

Competing risk variable (fragility fracture)       

No fracture or death 1087 (39.0%) 335 (38.5%) 158 (31.9%) 493 (36.1%) 314 (40.5%) 280 (43.6%) 594 (41.9%) 
Death and no fracture** 1280 (46.0%) 426 (49.0%) 313 (63.1%) 739 (54.1%) 249 (32.1%) 292 (45.5%) 541 (38.2%) 
Fracture 417 (15.0%) 109 (12.5%) 25 (5.0%) 134 (9.8%) 213 (27.4%) 70 (10.9%) 283 (20.0%) 
        

Competing risk variable (hospital admission)       

No admission or death 316 (11.1%) 77 (8.7%) 40 (8.0%) 117 (8.4%) 113 (14.0%) 86 (13.0%) 199 (13.5%) 
Death and no admission** 160 (5.6%) 55 (6.2%) 42 (8.5%) 97 (7.0%) 33 (4.1%) 30 (4.5%) 63 (4.3%) 
Admission 2380 (83.3%) 758 (85.2%) 415 (83.5%) 1173 (84.6%) 663 (82.0%) 544 (82.4%) 1207 (82.2%) 
        

Prevalence before follow-up†        
Fragility fracture 132 (4.7%) 25 (2.9%) 6 (1.2%) 31 (2.3%) 74 (9.5%) 27 (4.2%) 101 (7.1%) 
Hospital admission 1314 (46.0%) 460 (51.7%) 237 (47.7%) 697 (50.3%) 322 (39.8%) 295 (44.7%) 617 (42.0%) 
Fall 1500 (62.8%) 456 (61.0%) 168 (46.9%) 624 (56.5%) 527 (72.4%) 349 (62.8%) 876 (68.2%) 
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N(%) relate to the number and proportion of participants experiencing the corresponding event 
**Represent competing events as death prevents the failure event of interest from occurring 
†Events occurring before participants were regarded as being at risk of adverse events in the survival analyses 
277 (66.4%) of those who had a fracture during follow-up also died during follow-up; figures for hospital admission and falls were 1614 (67.8%) and 984 (57.9%) 
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Appendix 29: Descriptive statistics for the survival analysis of adverse health outcomes with fat mass level and change as exposures 
Characteristic [N(%) or median 
(lower quartile, upper quartile)] All (n=2857) White men 

(n=892) 
Black men 
(n=498) 

Men 
(n=1390) 

White women 
(n=808) 

Black women 
(n=659) 

Women 
(n=1467) 

Age at start of follow-up 78.2 (76.1, 80.7) 78.7 (76.3, 81.0) 77.9 (75.8, 80.2) 78.4 (76.2, 80.8) 78.4 (76.3, 80.8) 77.5 (75.9, 80.2) 78.0 (76.0, 80.5) 
        

Follow-up time        
Death 8.9 (4.3, 11.6) 8.3 (4.0, 11.5) 6.4 (2.3, 11.3) 7.7 (3.3, 11.5) 10.4 (6.3, 11.7) 9.2 (4.6, 11.6) 10.0 (5.6, 11.7) 
Fragility fracture 7.6 (3.2, 9.7) 7.6 (3.2, 9.6) 6.2 (2.2, 9.6) 6.9 (2.8, 9.6) 8.1 (3.4, 9.7) 8.1 (3.9, 9.8) 8.1 (3.7, 9.7) 
Hospital admission 2.5 (0.8, 5.7) 2.3 (0.7, 5.2) 1.8 (0.7, 4.2) 2.1 (0.7, 4.9) 3.2 (1.1, 7.1) 2.7 (0.9, 6.2) 3.0 (1.0, 6.8) 
Fall 2.4 (0.7, 5.0) 2.5 (0.8, 5.3) 2.5 (1.1, 5.6) 2.5 (0.9, 5.4) 2.0 (0.6, 4.8) 2.4 (0.6, 5.4) 2.1 (0.6, 4.9) 
        

Occurrence during follow-up        
Death 1821 (63.7%) 606 (67.9%) 371 (74.5%) 977 (70.3%) 444 (55.0%) 400 (60.7%) 844 (57.5%) 
Fragility fracture 417 (15.0%) 109 (12.5%) 25 (5.0%) 134 (9.8%) 213 (27.5%) 70 (10.9%) 283 (20.0%) 
Hospital admission 2379 (83.3%) 760 (85.2%) 415 (83.3%) 1175 (84.5%) 662 (81.9%) 542 (82.2%) 1204 (82.1%) 
Fall 1701 (71.1%) 523 (69.7%) 199 (55.6%) 722 (65.2%) 590 (81.0%) 389 (70.1%) 979 (76.3%) 
        

Competing risk variable (fragility fracture)       

No fracture or death 1090 (39.1%) 336 (38.5%) 160 (32.2%) 496 (36.2%) 314 (40.5%) 280 (43.7%) 594 (41.9%) 
Death and no fracture** 1278 (45.9%) 427 (49.0%) 312 (62.8%) 739 (54.0%) 248 (32.0%) 291 (45.4%) 539 (38.1%) 
Fracture 417 (15.0%) 109 (12.5%) 25 (5.0%) 134 (9.8%) 213 (27.5%) 70 (10.9%) 283 (20.0%) 
        

Competing risk variable (hospital admission)       

No admission or death 317 (11.1%) 77 (8.6%) 40 (8.0%) 117 (8.4%) 113 (14.0%) 87 (13.2%) 200 (13.6%) 
Death and no admission** 161 (5.6%) 55 (6.2%) 43 (8.6%) 98 (7.1%) 33 (4.1%) 30 (4.6%) 63 (4.3%) 
Admission 2379 (83.3%) 760 (85.2%) 415 (83.3%) 1175 (84.5%) 662 (81.9%) 542 (82.2%) 1204 (82.1%) 
        

Prevalence before follow-up†        
Fragility fracture 132 (4.7%) 26 (3.0%) 6 (1.2%) 32 (2.3%) 73 (9.4%) 27 (4.2%) 100 (7.1%) 
Hospital admission 1311 (45.9%) 462 (51.8%) 236 (47.4%) 698 (50.2%) 321 (39.7%) 292 (44.3%) 613 (41.8%) 
Fall 1504 (62.9%) 459 (61.2%) 169 (47.2%) 628 (56.7%) 527 (72.4%) 349 (62.9%) 876 (68.3%) 
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N(%) relate to the number and proportion of participants experiencing the corresponding event 
**Represent competing events as death prevents the failure event of interest from occurring 
†Events occurring before participants were regarded as being at risk of adverse events in the survival analyses 
276 (66.2%) of those who had a fracture during follow-up also died during follow-up; figures for hospital admission and falls were 1611 (67.7%) and 983 (57.8%) 
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Appendix 30: Descriptive statistics for the survival analysis of adverse health outcomes with hip BMD level and change as exposures 
Characteristic [N(%) or median 
(lower quartile, upper quartile)] All (n=2630) White men 

(n=831) 
Black men 
(n=435) 

Men 
(n=1266) 

White women 
(n=763) 

Black women 
(n=601) 

Women 
(n=1364) 

Age at start of follow-up 77.5 (75.4, 80.0) 77.9 (75.6, 80.3) 77.5 (75.4, 79.8) 77.8 (75.5, 80.2) 77.6 (75.5, 79.9) 76.9 (75.1, 79.6) 77.3 (75.3, 79.8) 
        

Follow-up time        
Death 10.2 (5.6, 12.5) 9.4 (5.3, 12.5) 8.0 (3.6, 12.3) 9.1 (4.7, 12.4) 11.5 (7.4, 12.7) 10.2 (5.7, 12.5) 11.1 (6.8, 12.6) 
Fragility fracture 8.8 (4.3, 10.6) 8.7 (4.5, 10.5) 7.7 (3.4, 10.5) 8.5 (4.1, 10.5) 9.1 (4.0, 10.7) 9.2 (4.8, 10.7) 9.1 (4.4, 10.7) 
Hospital admission 2.9 (1.0, 6.3) 2.6 (0.9, 5.7) 2.3 (0.9, 4.8) 2.5 (0.9, 5.5) 3.5 (1.3, 7.7) 3.1 (1.0, 6.6) 3.4 (1.2, 7.3) 
Fall 2.5 (0.6, 5.6) 2.5 (0.7, 5.8) 2.5 (1.1, 5.7) 2.5 (0.9, 5.8) 1.9 (0.5, 4.5) 1.9 (0.5, 5.1) 1.9 (0.5, 4.6) 
        

Occurrence during follow-up        
Death 1627 (61.9%) 547 (65.8%) 313 (72.0%) 860 (67.9%) 408 (53.5%) 359 (59.7%) 767 (56.2%) 
Fragility fracture 403 (15.7%) 110 (13.5%) 23 (5.3%) 133 (10.7%) 210 (28.6%) 60 (10.3%) 270 (20.5%) 
Hospital admission 2227 (84.7%) 719 (86.5%) 370 (85.1%) 1089 (86.0%) 636 (83.4%) 502 (83.5%) 1138 (83.4%) 
Fall 1731 (73.4%) 531 (71.0%) 212 (58.6%) 743 (66.9%) 586 (82.3%) 402 (74.9%) 988 (79.1%) 
        

Competing risk variable (fragility fracture)       

No fracture or death 1051 (41.0%) 330 (40.6%) 155 (35.7%) 485 (38.9%) 305 (41.6%) 261 (44.8%) 566 (43.0%) 
Death and no fracture** 1109 (43.3%) 373 (45.9%) 256 (59.0%) 629 (50.4%) 218 (29.7%) 262 (44.9%) 480 (36.5%) 
Fracture 403 (15.7%) 110 (13.5%) 23 (5.3%) 133 (10.7%) 210 (28.6%) 60 (10.3%) 270 (20.5%) 
        

Competing risk variable (hospital admission)       

No admission or death 280 (10.6%) 68 (8.2%) 33 (7.6%) 101 (8.0%) 102 (13.4%) 77 (12.8%) 179 (13.1%) 
Death and no admission** 123 (4.7%) 44 (5.3%) 32 (7.4%) 76 (6.0%) 25 (3.3%) 22 (3.7%) 47 (3.4%) 
Admission 2227 (84.7%) 719 (86.5%) 370 (85.1%) 1089 (86.0%) 636 (83.4%) 502 (83.5%) 1138 (83.4%) 
        

Prevalence before follow-up†        
Fragility fracture 100 (3.9%) 19 (2.3%) 5 (1.2%) 24 (1.9%) 56 (7.6%) 20 (3.4%) 76 (5.8%) 
Hospital admission 1040 (39.5%) 367 (44.2%) 179 (41.1%) 546 (43.1%) 258 (33.8%) 236 (39.3%) 494 (36.2%) 
Fall 1376 (58.3%) 419 (56.0%) 158 (43.6%) 577 (52.0%) 476 (66.9%) 323 (60.1%) 799 (64.0%) 
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N(%) relate to the number and proportion of participants experiencing the corresponding event 
**Represent competing events as death prevents the failure event of interest from occurring 
†Events occurring before participants were regarded as being at risk of adverse events in the survival analyses 
263 (65.3%) of those who had a fracture during follow-up also died during follow-up; figures for hospital admission and falls were 1461 (65.6%) and 1000 (57.8%) 
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Appendix 31: Baseline characteristics in relation to risk of mortality 

Baseline characteristic 
Adjusted for sex and race Mutually-adjusted 

HR (95% CI) P-value HR (95% CI) P-value 
Age (z-score)* 1.31 (1.26,1.37) <0.001 1.30 (1.24,1.36) <0.001 
Height (z-score)* 1.02 (0.98,1.07) 0.276   

Weight-for-height residual (z-score)* 0.93 (0.88,0.97) 0.001 0.92 (0.87,0.97) 0.001 
Ever smoked 1.28 (1.16,1.40) <0.001 1.25 (1.12,1.39) <0.001 
Alcohol consumption** 0.94 (0.90,0.99) 0.012 0.95 (0.90,1.00) 0.055 
Physical activity (z-score)* 0.86 (0.82,0.90) <0.001 0.91 (0.86,0.96) <0.001 
Healthy Eating Index (z-score)* 0.93 (0.89,0.98) 0.004 0.95 (0.91,1.00) 0.065 
Education** 0.87 (0.83,0.93) <0.001 0.93 (0.87,0.99) 0.030 
Housing tenure (rent/other) 1.24 (1.12,1.37) <0.001 1.18 (1.05,1.31) 0.004 
Number of systems medicated* 1.08 (1.05,1.12) <0.001 1.10 (1.06,1.14) <0.001 

     

HR: Hazard ratio     

*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; other estimates are for 
the presence versus absence of the characteristic 
Age at baseline and a four-level sex-race variable were included in all models 
Estimates were derived from Cox models     

Significant associations (p<0.05) are highlighted in bold and red 

 

 



Supplementary material 

202 

Appendix 32: Baseline participant characteristics in relation to risk of fragility fracture 

Baseline characteristic 

Cox model Competing risk model 

Adjusted for sex and race Mutually-adjusted Adjusted for sex and race Mutually-adjusted 

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value 
Age (z-score)* 1.26 (1.15,1.37) <0.001 1.22 (1.12,1.33) <0.001 1.18 (1.08,1.28) <0.001 1.15 (1.06,1.26) 0.001 
Height (z-score)* 1.03 (0.95,1.13) 0.428   1.03 (0.95,1.12) 0.454   
Weight-for-height residual (z-score)* 0.86 (0.78,0.94) 0.002 0.88 (0.80,0.97) 0.009 0.88 (0.80,0.97) 0.009 0.89 (0.81,0.98) 0.022 
Ever smoked 0.95 (0.80,1.13) 0.564   0.87 (0.73,1.04) 0.127   
Alcohol consumption** 0.91 (0.83,1.00) 0.055   0.93 (0.85,1.02) 0.108   
Physical activity (z-score)* 0.90 (0.82,0.99) 0.025 0.93 (0.84,1.02) 0.129 0.96 (0.87,1.05) 0.376   
Healthy Eating Index (z-score)* 0.92 (0.84,1.01) 0.07   0.93 (0.85,1.01) 0.098   
Education** 1.12 (1.00,1.27) 0.059   1.15 (1.02,1.30) 0.022 1.14 (1.01,1.30) 0.038 
Housing tenure (rent/other) 1.32 (1.09,1.59) 0.004 1.30 (1.08,1.58) 0.006 1.23 (1.02,1.49) 0.027 1.26 (1.04,1.52) 0.016 
Number of systems medicated* 1.07 (1.00,1.14) 0.056   1.05 (0.98,1.12) 0.177   

         
HR: Hazard ratio 
*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; other estimates are for the presence versus absence of the characteristic 
Age at baseline and a four-level sex-race variable were included in all models 
Significant associations (p<0.05) are highlighted in bold and red 
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Appendix 33: Baseline participant characteristics in relation to risk of hospital admission 

Baseline characteristic 

Cox model Competing risk model 

Adjusted for sex and race Mutually-adjusted Adjusted for sex and race Mutually-adjusted 

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value 
Age (z-score)* 1.09 (1.05,1.13) <0.001 1.08 (1.04,1.12) <0.001 1.07 (1.03,1.11) <0.001 1.07 (1.03,1.11) 0.001 
Height (z-score)* 0.99 (0.96,1.03) 0.639   1.00 (0.96,1.03) 0.862   
Weight-for-height residual (z-score)* 1.03 (0.99,1.07) 0.161   1.04 (1.00,1.08) 0.081   
Ever smoked 1.18 (1.09,1.28) <0.001 1.17 (1.08,1.26) <0.001 1.14 (1.06,1.24) 0.001 1.13 (1.05,1.23) 0.002 
Alcohol consumption** 0.96 (0.92,1.00) 0.057   0.97 (0.93,1.01) 0.116   
Physical activity (z-score)* 0.95 (0.92,0.99) 0.02 0.97 (0.93,1.01) 0.153 0.96 (0.93,1.00) 0.067   
Healthy Eating Index (z-score)* 0.96 (0.93,1.00) 0.074   0.98 (0.94,1.02) 0.219   
Education** 0.97 (0.92,1.02) 0.269   0.99 (0.94,1.05) 0.772   
Housing tenure (rent/other) 1.14 (1.05,1.25) 0.002 1.13 (1.03,1.23) 0.007 1.15 (1.05,1.25) 0.002 1.14 (1.05,1.25) 0.003 
Number of systems medicated* 1.13 (1.10,1.17) <0.001 1.14 (1.10,1.17) <0.001 1.13 (1.10,1.16) <0.001 1.13 (1.10,1.17) <0.001 

         
HR: Hazard ratio 
*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; other estimates are for the presence versus absence of the characteristic 
Age at baseline and a four-level sex-race variable were included in all models 
Significant associations (p<0.05) are highlighted in bold and red 
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Appendix 34: Baseline participant characteristics in relation to risk of falls 

Baseline characteristic 

Cox model with no stratification Cox model stratified for falls in past 12 months 

Adjusted for sex and race Mutually-adjusted Adjusted for sex and race Mutually-adjusted 

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value 
Age (z-score)* 1.08 (1.03,1.12) 0.001 1.09 (1.04,1.13) <0.001 1.08 (1.03,1.12) 0.001 1.08 (1.04,1.13) <0.001 
Height (z-score)* 0.96 (0.92,1.00) 0.069   0.97 (0.93,1.01) 0.174   
Weight-for-height residual (z-score)* 1.06 (1.01,1.11) 0.014 1.04 (0.99,1.09) 0.086 1.06 (1.01,1.11) 0.013 1.05 (1.00,1.10) 0.037 
Ever smoked 1.00 (0.92,1.09) 0.955   1.01 (0.93,1.10) 0.796   
Alcohol consumption** 1.01 (0.96,1.05) 0.778   1.00 (0.96,1.05) 0.854   
Physical activity (z-score)* 1.04 (1.00,1.09) 0.046 1.04 (1.00,1.09) 0.068 1.04 (0.99,1.08) 0.104   
Healthy Eating Index (z-score)* 0.99 (0.95,1.04) 0.665   0.99 (0.94,1.03) 0.537   
Education** 1.07 (1.01,1.13) 0.017 1.06 (1.01,1.13) 0.031 1.06 (1.00,1.12) 0.039 1.06 (1.00,1.12) 0.042 
Housing tenure (rent/other) 0.96 (0.87,1.06) 0.457   0.96 (0.87,1.06) 0.451   
Number of systems medicated* 1.08 (1.04,1.11) <0.001 1.07 (1.04,1.11) <0.001 1.08 (1.04,1.12) <0.001 1.07 (1.04,1.11) <0.001 

         
HR: Hazard ratio 
*Estimate per unit increase in characteristic; **Estimate per higher band of characteristic; other estimates are for the presence versus absence of the characteristic 
Age at baseline and a four-level sex-race variable were included in all models 
Significant associations (p<0.05) are highlighted in bold and red 

 

 

 



Supplementary material 

205 

Appendix 35: Risk of adverse outcomes per SD decrease in grip strength level and per SD increase in grip strength decline (fully-adjusted associations for main results 

and sensitivity analyses are presented) 

Outcome Model 

Mean grip strength level over Years 1-6 (z-score) Grip strength decline over Years 1-6 (z-score)* 

Stratified Cox model Competing risk model Stratified Cox model Competing risk model 

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value 

Death 

1 1.25 (1.18,1.32) <0.001   1.15 (1.10,1.21) <0.001   
2 1.22 (1.15,1.30) <0.001   1.13 (1.08,1.19) <0.001   
3 1.22 (1.13,1.32) <0.001   1.15 (1.09,1.22) <0.001   
4 1.25 (1.18,1.33) <0.001   1.15 (1.09,1.20) <0.001             

Fragility 
fracture 

1 1.22 (1.08,1.38) 0.001 1.13 (1.01,1.27) 0.040 1.04 (0.94,1.15) 0.418 0.99 (0.90,1.10) 0.883 
2 1.22 (1.08,1.37) 0.001 1.13 (1.01,1.28) 0.037 1.03 (0.93,1.14) 0.561 0.98 (0.89,1.09) 0.763 
3 1.34 (1.15,1.57) <0.001 1.26 (1.08,1.47) 0.003 1.02 (0.91,1.14) 0.721 0.98 (0.87,1.10) 0.761 
4 1.20 (1.06,1.35) 0.004 1.11 (0.98,1.25) 0.100 1.05 (0.95,1.17) 0.308 1.00 (0.90,1.11) 0.987 

          

Hospital 
admission 

1 1.21 (1.15,1.27) <0.001 1.18 (1.12,1.24) <0.001 1.06 (1.02,1.11) 0.006 1.04 (1.00,1.09) 0.044 
2 1.20 (1.14,1.26) <0.001 1.18 (1.12,1.24) <0.001 1.05 (1.00,1.09) 0.039 1.03 (0.99,1.07) 0.161 
3 1.17 (1.10,1.25) <0.001 1.16 (1.08,1.23) <0.001 1.05 (1.01,1.11) 0.030 1.04 (1.00,1.10) 0.076 
4 1.21 (1.15,1.27) <0.001 1.18 (1.12,1.24) <0.001 1.06 (1.02,1.11) 0.006 1.04 (1.00,1.09) 0.053 

          

Fall 

1 1.13 (1.07,1.20) <0.001   1.03 (0.98,1.08) 0.256   
2 1.13 (1.06,1.20) <0.001   1.02 (0.97,1.07) 0.394   
3 1.12 (1.04,1.20) 0.002   1.02 (0.97,1.08) 0.415   
4 1.14 (1.07,1.20) <0.001     1.03 (0.98,1.08) 0.289     

HR: Hazard ratio     SD: Standard deviation 
*Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and extracting random slopes 
An indicator variable for the corresponding outcomes occurring before follow-up was used as the stratification variable in Cox models for fragility fracture, hospital 
admission and falls and as an adjustment in competing risk models for fragility fracture and hospital admission 
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Model 1: Estimates from main analysis 
Model 2: Models for level adjusted for change parameter and vice versa 
Model 3: Analyses restricted to individuals with complete data from Years 1-6 for the corresponding parameter 
Model 4: Additionally adjusted for baseline characteristics associated with risk of ≥2 adverse outcomes 
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Appendix 36: Risk of adverse outcomes per SD decrease in gait speed level and per SD increase in gait speed decline (fully-adjusted associations for main results and 

sensitivity analyses are presented) 

Outcome Model 

Mean gait speed level over Years 1-6 (z-score) Gait speed decline over Years 1-6 (z-score)* 

Stratified Cox model Competing risk model Stratified Cox model Competing risk model 

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value 

Death 

1 1.54 (1.45,1.63) <0.001   1.19 (1.13,1.24) <0.001   
2 1.50 (1.41,1.59) <0.001   1.12 (1.06,1.17) <0.001   
3 1.49 (1.37,1.61) <0.001   1.22 (1.15,1.29) <0.001   
4 1.52 (1.43,1.61) <0.001   1.18 (1.12,1.24) <0.001   

          

Fragility 
fracture 

1 1.19 (1.05,1.34) 0.006 1.04 (0.93,1.17) 0.514 1.09 (0.99,1.20) 0.082 1.03 (0.93,1.13) 0.604 
2 1.17 (1.03,1.32) 0.013 1.03 (0.92,1.16) 0.589 1.07 (0.97,1.18) 0.182 1.02 (0.93,1.13) 0.655 
3 1.12 (0.96,1.31) 0.146 1.02 (0.88,1.18) 0.774 1.07 (0.96,1.20) 0.217 1.02 (0.91,1.13) 0.761 
4 1.20 (1.06,1.35) 0.004 1.05 (0.93,1.18) 0.413 1.11 (1.00,1.22) 0.043 1.04 (0.95,1.15) 0.378 

          

Hospital 
admission 

1 1.27 (1.21,1.34) <0.001 1.24 (1.17,1.31) <0.001 1.16 (1.11,1.21) <0.001 1.14 (1.09,1.19) <0.001 
2 1.24 (1.18,1.31) <0.001 1.21 (1.14,1.28) <0.001 1.12 (1.07,1.17) <0.001 1.11 (1.06,1.16) <0.001 
3 1.20 (1.12,1.28) <0.001 1.18 (1.09,1.27) <0.001 1.17 (1.11,1.22) <0.001 1.16 (1.10,1.22) <0.001 
4 1.26 (1.20,1.33) <0.001 1.23 (1.16,1.30) <0.001 1.15 (1.11,1.21) <0.001 1.14 (1.09,1.18) <0.001 

          

Fall 

1 1.16 (1.09,1.24) <0.001   1.13 (1.07,1.18) <0.001   
2 1.14 (1.07,1.21) <0.001   1.11 (1.06,1.16) <0.001   
3 1.15 (1.06,1.24) <0.001   1.14 (1.08,1.20) <0.001   
4 1.17 (1.10,1.24) <0.001     1.12 (1.07,1.18) <0.001     

          

HR: Hazard ratio     SD: Standard deviation 
*Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and extracting random slopes 
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An indicator variable for the corresponding outcomes occurring before follow-up was used as the stratification variable in Cox models for fragility fracture, hospital 
admission and falls and as an adjustment in competing risk models for fragility fracture and hospital admission 
Model 1: Estimates from main analysis 
Model 2: Models for level adjusted for change parameter and vice versa 
Model 3: Analyses restricted to individuals with complete data from Years 1-6 for the corresponding parameter 
Model 4: Additionally adjusted for baseline characteristics associated with risk of ≥2 adverse outcomes 
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Appendix 37: Risk of adverse outcomes per SD decrease in ALM level and per SD increase in ALM decline (fully-adjusted associations for main results and sensitivity 

analyses are presented) 

Outcome Model 

Mean ALM level over Years 1-6 (z-score) ALM decline over Years 1-6 (z-score)* 

Stratified Cox model Competing risk model Stratified Cox model Competing risk model 

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value 

Death 

1 1.18 (1.10,1.26) <0.001   1.20 (1.14,1.26) <0.001   
2 1.14 (1.07,1.22) <0.001   1.18 (1.13,1.24) <0.001   
3 1.15 (1.05,1.25) 0.003   1.20 (1.13,1.28) <0.001   
4 1.18 (1.10,1.25) <0.001   1.19 (1.13,1.25) <0.001   

          

Fragility 
fracture 

1 1.18 (1.02,1.37) 0.024 1.11 (0.96,1.29) 0.149 1.07 (0.97,1.18) 0.202 1.00 (0.91,1.10) 0.994 
2 1.17 (1.01,1.36) 0.037 1.12 (0.96,1.31) 0.136 1.04 (0.94,1.15) 0.435 0.98 (0.89,1.08) 0.699 
3 1.26 (1.05,1.52) 0.014 1.20 (0.99,1.46) 0.070 1.09 (0.97,1.23) 0.143 1.03 (0.93,1.15) 0.548 
4 1.19 (1.02,1.38) 0.026 1.12 (0.96,1.30) 0.139 1.06 (0.96,1.18) 0.234 1.00 (0.91,1.10) 0.963 

 
         

Hospital 
admission 

1 1.05 (1.00,1.11) 0.071 1.05 (0.99,1.11) 0.097 1.10 (1.06,1.15) <0.001 1.09 (1.04,1.14) <0.001 
2 1.03 (0.98,1.09) 0.259 1.03 (0.97,1.09) 0.288 1.10 (1.05,1.15) <0.001 1.09 (1.04,1.14) <0.001 
3 1.04 (0.97,1.12) 0.296 1.02 (0.95,1.09) 0.600 1.10 (1.04,1.16) <0.001 1.08 (1.03,1.15) 0.003 
4 1.05 (1.00,1.12) 0.067 1.05 (0.99,1.11) 0.093 1.10 (1.05,1.15) <0.001 1.09 (1.04,1.14) <0.001 

          

Fall 

1 1.00 (0.93,1.06) 0.898   1.08 (1.03,1.14) 0.002   
2 0.98 (0.91,1.05) 0.508   1.09 (1.03,1.14) 0.002   
3 1.00 (0.93,1.08) 0.986   1.09 (1.03,1.16) 0.002   
4 0.99 (0.92,1.06) 0.693     1.07 (1.02,1.13) 0.006               

HR: Hazard ratio     SD: Standard deviation 
*Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and extracting random slopes 
An indicator variable for the corresponding outcomes occurring before follow-up was used as the stratification variable in Cox models for fragility fracture, hospital 
admission and falls and as an adjustment in competing risk models for fragility fracture and hospital admission 
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Model 1: Estimates from main analysis 
Model 2: Models for level adjusted for change parameter and vice versa 
Model 3: Analyses restricted to individuals with complete data from Years 1-6 for the corresponding parameter 
Model 4: Additionally adjusted for baseline characteristics associated with risk of ≥2 adverse outcomes 
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Appendix 38: Risk of adverse outcomes per SD decrease in fat mass level and per SD increase in fat mass decline (fully-adjusted associations for main results and 

sensitivity analyses are presented) 

Outcome Model 

Mean fat mass level over Years 1-6 (z-score) Fat mass decline over Years 1-6 (z-score)* 

Stratified Cox model Competing risk model Stratified Cox model Competing risk model 

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value 

Death 

1 1.15 (1.09,1.21) <0.001   1.19 (1.14,1.25) <0.001   
2 1.11 (1.05,1.17) <0.001   1.17 (1.11,1.23) <0.001   
3 1.11 (1.03,1.19) 0.006   1.22 (1.14,1.30) <0.001   
4 1.16 (1.09,1.22) <0.001   1.19 (1.13,1.25) <0.001   

          

Fragility 
fracture 

1 1.22 (1.08,1.37) 0.001 1.16 (1.03,1.31) 0.014 1.09 (0.98,1.21) 0.111 1.01 (0.91,1.11) 0.866 
2 1.20 (1.06,1.36) 0.003 1.17 (1.03,1.32) 0.014 1.05 (0.94,1.17) 0.355 0.98 (0.88,1.08) 0.663 
3 1.22 (1.06,1.42) 0.007 1.18 (1.02,1.38) 0.027 1.11 (0.97,1.26) 0.131 1.03 (0.91,1.16) 0.668 
4 1.21 (1.07,1.37) 0.002 1.15 (1.02,1.30) 0.019 1.09 (0.98,1.22) 0.114 1.01 (0.91,1.12) 0.827 

 
         

Hospital 
admission 

1 1.03 (0.99,1.08) 0.155 1.02 (0.97,1.07) 0.403 1.07 (1.02,1.11) 0.005 1.06 (1.01,1.11) 0.011 
2 1.02 (0.97,1.07) 0.386 1.01 (0.96,1.05) 0.793 1.07 (1.02,1.11) 0.007 1.06 (1.01,1.12) 0.011 
3 1.01 (0.95,1.07) 0.711 0.99 (0.94,1.05) 0.807 1.05 (0.99,1.11) 0.082 1.03 (0.97,1.09) 0.339 
4 1.04 (0.99,1.09) 0.116 1.02 (0.98,1.07) 0.342 1.07 (1.02,1.11) 0.006 1.06 (1.01,1.11) 0.015 

          

Fall 

1 0.97 (0.92,1.03) 0.283   1.02 (0.97,1.07) 0.481   
2 0.96 (0.91,1.02) 0.204   1.03 (0.97,1.08) 0.326   
3 0.96 (0.90,1.02) 0.210   0.99 (0.93,1.06) 0.809   
4 0.96 (0.91,1.02) 0.162     1.02 (0.97,1.08) 0.459               

HR: Hazard ratio     SD: Standard deviation 
*Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and extracting random slopes 
An indicator variable for the corresponding outcomes occurring before follow-up was used as the stratification variable in Cox models for fragility fracture, hospital 
admission and falls and as an adjustment in competing risk models for fragility fracture and hospital admission 



Supplementary material 

212 

Model 1: Estimates from main analysis 
Model 2: Models for level adjusted for change parameter and vice versa 
Model 3: Analyses restricted to individuals with complete data from Years 1-6 for the corresponding parameter 
Model 4: Additionally adjusted for baseline characteristics associated with risk of ≥2 adverse outcomes 
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Appendix 39: Risk of adverse outcomes per SD decrease in hip BMD level and per SD increase in hip BMD decline (fully-adjusted associations for main results and 

sensitivity analyses are presented) 

Outcome Model 

Mean hip BMD level over Years 1-6 (z-score) Hip BMD decline over Years 1-6 (z-score)* 

Stratified Cox model Competing risk model Stratified Cox model Competing risk model 

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value 

Death 

1 1.09 (1.03,1.17) 0.006   1.23 (1.17,1.30) <0.001   
2 1.10 (1.03,1.17) 0.004   1.23 (1.17,1.30) <0.001   
3 1.06 (0.99,1.14) 0.110   1.24 (1.17,1.32) <0.001   
4 1.10 (1.03,1.18) 0.003   1.25 (1.18,1.32) <0.001   

          

Fragility 
fracture 

1 2.01 (1.75,2.31) <0.001 1.89 (1.64,2.19) <0.001 1.16 (1.05,1.29) 0.005 1.09 (0.98,1.21) 0.096 
2 2.03 (1.76,2.34) <0.001 1.90 (1.64,2.19) <0.001 1.19 (1.08,1.32) 0.001 1.11 (1.00,1.22) 0.043 
3 1.94 (1.66,2.27) <0.001 1.87 (1.60,2.20) <0.001 1.18 (1.06,1.32) 0.003 1.11 (1.00,1.25) 0.055 
4 2.10 (1.82,2.42) <0.001 1.97 (1.70,2.28) <0.001 1.18 (1.06,1.31) 0.002 1.11 (0.99,1.23) 0.068 

 
         

Hospital 
admission 

1 1.09 (1.03,1.15) 0.004 1.08 (1.03,1.14) 0.004 1.08 (1.04,1.14) 0.001 1.06 (1.01,1.11) 0.014 
2 1.09 (1.03,1.15) 0.003 1.08 (1.03,1.14) 0.004 1.08 (1.04,1.14) 0.001 1.06 (1.01,1.11) 0.014 
3 1.07 (1.01,1.14) 0.023 1.08 (1.02,1.15) 0.011 1.08 (1.03,1.13) 0.003 1.06 (1.00,1.11) 0.039 
4 1.09 (1.03,1.15) 0.003 1.09 (1.03,1.15) 0.003 1.10 (1.05,1.15) <0.001 1.07 (1.02,1.12) 0.006 

          

Fall 

1 1.04 (0.98,1.10) 0.202   1.09 (1.04,1.15) 0.001   
2 1.05 (0.99,1.11) 0.133   1.09 (1.04,1.15) 0.001   
3 1.02 (0.96,1.09) 0.464   1.09 (1.03,1.14) 0.003   
4 1.05 (0.98,1.11) 0.152     1.09 (1.04,1.15) 0.001               

HR: Hazard ratio     SD: Standard deviation 
*Derived by applying linear mixed effects models to z-scores (derived from generalised additive models for location, scale and shape) and extracting random slopes 
An indicator variable for the corresponding outcomes occurring before follow-up was used as the stratification variable in Cox models for fragility fracture, hospital 
admission and falls and as an adjustment in competing risk models for fragility fracture and hospital admission 
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Model 1: Estimates from main analysis 
Model 2: Models for level adjusted for change parameter and vice versa 
Model 3: Analyses restricted to individuals with complete data from Years 1-6 for the corresponding parameter 
Model 4: Additionally adjusted for baseline characteristics associated with risk of ≥2 adverse outcomes 

 



Supplementary material 

215 

Appendix 40: Quadratic and linear effects for levels of musculoskeletal and body composition characteristics in relation to risk of adverse health outcomes 

Characteristic Term 
Death Fragility fracture Hospital admission Fall 

Beta  (95%CI) P Beta  (95%CI) P Beta  (95%CI) P Beta  (95%CI) P 

Grip strength Linear (β1) 0.22 (0.16,0.27) <0.001 0.23 (0.10,0.36) 0.001 0.19 (0.14,0.24) <0.001 0.12 (0.07,0.18) <0.001 
Quadratic (β2) 0.03 (-0.01,0.06) 0.114 -0.07 (-0.15,0.01) 0.096 0.02 (-0.01,0.05) 0.164 0.00 (-0.03,0.04) 0.934           

Gait speed Linear (β1) 0.46 (0.40,0.53) <0.001 0.17 (0.05,0.30) 0.008 0.24 (0.19,0.29) <0.001 0.15 (0.09,0.21) <0.001 
Quadratic (β2) -0.05 (-0.09,-0.01) 0.012 -0.04 (-0.12,0.04) 0.353 0.02 (-0.01,0.05) 0.266 0.02 (-0.01,0.06) 0.179           

ALM Linear (β1) 0.18 (0.11,0.25) <0.001 0.19 (0.04,0.33) 0.011 0.08 (0.02,0.14) 0.008 0.00 (-0.07,0.07) 0.971 
Quadratic (β2) 0.03 (-0.00,0.06) 0.076 0.06 (-0.01,0.13) 0.098 0.04 (0.01,0.06) 0.009 0.01 (-0.02,0.04) 0.607           

Fat mass Linear (β1) 0.16 (0.10,0.21) <0.001 0.21 (0.09,0.33) 0.001 0.06 (0.01,0.11) 0.025 0.02 (-0.04,0.08) 0.568 
Quadratic (β2) 0.03 (0.00,0.06) 0.027 0.04 (-0.03,0.11) 0.252 0.03 (0.00,0.05) 0.022 0.06 (0.03,0.09) <0.001           

Hip BMD 
Linear (β1) 0.12 (0.05,0.18) <0.001 0.68 (0.52,0.84) <0.001 0.11 (0.06,0.17) <0.001 0.04 (-0.02,0.11) 0.151 
Quadratic (β2) 0.05 (0.02,0.08) 0.001 0.02 (-0.06,0.10) 0.635 0.05 (0.02,0.08) <0.001 0.01 (-0.02,0.04) 0.448 

          
P: P-value; ALM: Appendicular lean mass; BMD: Bone mineral density 
Sex-specific z-scores were calculated for mean levels of characteristics over Years 1-6      

The hazard ratio for a decrease in the level of the characteristic from x to x-1 on the SD scale is given by exp(β1 + β2[2x+1])   

An indicator variable for the corresponding outcomes occurring before follow-up was used as the stratification variable in Cox models for fragility fracture, hospital 
admission and falls 
Models were adjusted for the four-level sex-race variable, age, height, weight-for-height residual (not included in models for ALM and fat mass) physical activity, 
alcohol consumption, diet quality, education and number of systems medicated 
Significant associations (p<0.05) are highlighted in bold and red   
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Appendix 41: Quadratic and linear effects for changes in musculoskeletal and body composition characteristics in relation to risk of adverse health outcomes 

Characteristic Term 
Death Fragility fracture Hospital admission Fall 

Beta  (95%CI) P Beta  (95%CI) P Beta  (95%CI) P Beta  (95%CI) P 

Grip strength Linear 0.15 (0.10,0.19) <0.001 0.04 (-0.05,0.14) 0.372 0.06 (0.02,0.10) 0.006 0.03 (-0.02,0.08) 0.266 
Quadratic -0.02 (-0.05,0.01) 0.211 0.04 (-0.02,0.10) 0.212 0.01 (-0.02,0.03) 0.714 -0.01 (-0.04,0.02) 0.514 

          

Gait speed Linear 0.20 (0.14,0.25) <0.001 0.11 (-0.00,0.21) 0.051 0.15 (0.10,0.19) <0.001 0.13 (0.08,0.18) <0.001 
Quadratic -0.04 (-0.07,-0.01) 0.005 -0.04 (-0.10,0.02) 0.166 -0.00 (-0.03,0.02) 0.758 -0.02 (-0.05,0.01) 0.114 

          

ALM Linear 0.15 (0.10,0.20) <0.001 0.08 (-0.03,0.19) 0.131 0.08 (0.04,0.12) <0.001 0.08 (0.02,0.13) 0.004 
Quadratic 0.03 (0.01,0.05) 0.007 -0.04 (-0.10,0.03) 0.240 0.03 (0.01,0.05) 0.009 0.01 (-0.02,0.04) 0.454 

          

Fat mass Linear 0.14 (0.09,0.19) <0.001 0.09 (-0.02,0.21) 0.099 0.04 (0.00,0.09) 0.046 0.00 (-0.05,0.06) 0.891 
Quadratic 0.04 (0.02,0.06) <0.001 -0.02 (-0.08,0.04) 0.542 0.03 (0.01,0.05) 0.001 0.03 (0.01,0.05) 0.010 

          

Hip BMD 
Linear 0.17 (0.12,0.23) <0.001 0.14 (0.03,0.25) 0.010 0.05 (0.00,0.10) 0.039 0.08 (0.03,0.13) 0.002 
Quadratic 0.04 (0.01,0.06) 0.002 0.02 (-0.03,0.07) 0.417 0.05 (0.03,0.07) <0.001 0.01 (-0.02,0.04) 0.391 

          
P: P-value; ALM: Appendicular lean mass; BMD: Bone mineral density 
Sex-specific z-scores for changes in characteristics were derived by applying linear mixed effects models to z-scores (derived from generalised additive models 
for location, scale and shape) and extracting random slopes 
The hazard ratio for a decrease in the change parameter (greater decline) from x to x-1 on the SD scale is given by exp(β1 + β2[2x+1]) 
An indicator variable for the corresponding outcomes occurring before follow-up was used as the stratification variable in Cox models for fragility fracture, 
hospital admission and falls  
Models were adjusted for the four-level sex-race variable, age and diet quality   
Significant associations (p<0.05) are highlighted in bold   
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Appendix 42: Parameter estimates from an extended bivariate dual change score model for grip 

strength and gait speed over Years 2-10 

Parameter Estimate (95% CI) P-value 
Prior grip strength level on grip strength change -0.127 (-0.604, 0.35) 0.601 
Prior gait speed level on gait speed change 0.02 (-0.672, 0.713) 0.954 
Prior grip strength level on gait speed change -1.928 (-3.546, -0.31) 0.020 
Prior gait speed level on grip strength change 0.042 (-0.047, 0.132) 0.357 
Prior grip strength change on grip strength change 1.502 (0.326, 2.677) 0.012 
Prior gait speed change on gait speed change -0.642 (-2.082, 0.798) 0.382 
Prior gait speed change on grip strength change -0.298 (-0.693, 0.096) 0.138 
Prior grip strength change on gait speed change 6.578 (3.192, 9.964) <0.001 
Grip strength residual variance 0.224 (0.216, 0.232) <0.001 
Gait speed residual variance 0.203 (0.194, 0.212) <0.001 
Grip strength latent intercept variance 0.779 (0.731, 0.826) <0.001 
Gait speed latent intercept variance 0.808 (0.753, 0.862) <0.001 
Grip strength slope variance 0.014 (-0.078, 0.106) 0.763 
Gait speed slope variance 3.111 (-1.65, 7.871) 0.200 
Cov (grip strength and gait speed intercepts) 0.128 (0.093, 0.164) <0.001 
Cov (grip strength intercept and slope) 0.096 (-0.273, 0.465) 0.610 
Cov (gait speed intercept, grip strength slope) -0.015 (-0.098, 0.068) 0.725 
Cov (grip strength intercept, gait speed slope) 1.542 (0.354, 2.73) 0.011 
Cov (gait speed intercept and slope) 0.202 (-0.216, 0.619) 0.344 
Cov (grip strength and gait speed slopes) 0.197 (-0.626, 1.019) 0.639 
Grip strength latent intercept -0.007 (-0.043, 0.03) 0.712 
Gait speed latent intercept -0.018 (-0.056, 0.019) 0.341 
Grip strength slope -0.062 (-0.08, -0.044) <0.001 
Gait speed slope -0.04 (-0.119, 0.038) 0.313 
Corr (grip strength and gait speed intercepts) 0.162 (0.118, 0.206) <0.001 
Corr (grip strength and gait speed slopes) 0.937 (0.465, 1.408) <0.001 
Corr (grip strength intercept and slope) 0.914 (0.336, 1.492) 0.002 
Corr (grip strength intercept, gait speed slope) 0.991 (0.981, 1.001) <0.001 
Corr (gait speed intercept, grip strength slope) -0.14 (-1.216, 0.936) 0.799 
Corr (gait speed intercept and slope) 0.127 (-0.188, 0.443) 0.429 

   
Model was applied to the pooled sample of men and women  
Units of analyses were sex-specific z-scores derived using the mean and SD at Year 2 
Maximum likelihood estimation was used   
Key parameters relating change in one characteristic to change in another are highlighted in bold 
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Appendix 43: Parameter estimates from an extended bivariate dual change score model for grip 

strength and ALM over Years 2-10 

Parameter Estimate (95% CI) P-value 
Prior grip strength level on grip strength change 0.03 (-0.363, 0.424) 0.880 
Prior ALM level on ALM change 0.636 (0.313, 0.959) <0.001 
Prior grip strength level on ALM change -0.475 (-0.76, -0.19) 0.001 
Prior ALM level on grip strength change 0.21 (-0.155, 0.575) 0.260 
Prior grip strength change on grip strength change 0.161 (-0.604, 0.926) 0.680 
Prior ALM change on ALM change -0.862 (-1.215, -0.509) <0.001 
Prior ALM change on grip strength change 0.402 (-0.166, 0.969) 0.166 
Prior grip strength change on ALM change -0.296 (-0.84, 0.248) 0.286  
Grip strength residual variance 0.22 (0.212, 0.228) <0.001 
ALM residual variance 0.042 (0.04, 0.043) <0.001 
Grip strength latent intercept variance 0.79 (0.742, 0.838) <0.001 
ALM latent intercept variance 0.948 (0.898, 0.999) <0.001 
Grip strength slope variance 0.05 (-0.091, 0.19) 0.488 
ALM slope variance 0.342 (0.033, 0.651) 0.030 
Cov (grip strength and ALM intercepts) 0.408 (0.37, 0.446) <0.001 
Cov (grip strength intercept and slope) -0.116 (-0.396, 0.164) 0.417 
Cov (ALM intercept, grip strength slope) -0.21 (-0.518, 0.099) 0.184 
Cov (grip strength intercept, ALM slope) 0.108 (-0.083, 0.299) 0.268 
Cov (ALM intercept and slope) -0.429 (-0.688, -0.17) 0.001 
Cov (grip strength and ALM slopes) 0.084 (-0.101, 0.269) 0.374 
Grip strength latent intercept -0.007 (-0.043, 0.03) 0.728 
ALM latent intercept -0.002 (-0.039, 0.034) 0.894 
Grip strength slope -0.053 (-0.08, -0.025) <0.001 
ALM slope -0.144 (-0.172, -0.116) <0.001 
Corr (grip strength and ALM intercepts) 0.471 (0.439, 0.504) <0.001 
Corr (grip strength and ALM slopes) 0.645 (-0.536, 1.825) 0.284 
Corr (grip strength intercept and slope) -0.585 (-1.694, 0.525) 0.302 
Corr (grip strength intercept, ALM slope) 0.208 (-0.162, 0.577) 0.270 
Corr (ALM intercept, grip strength slope) -0.965 (-1.169, -0.761) <0.001 
Corr (ALM intercept and slope) -0.753 (-0.997, -0.509) <0.001 

   
ALM: Appendicular lean mass  
Model was applied to the pooled sample of men and women  
Units of analyses were sex-specific z-scores derived using the mean and SD at Year 2 
Maximum likelihood estimation was used   
Key parameters relating change in one characteristic to change in another are highlighted in bold 
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Appendix 44: Parameter estimates from an extended bivariate dual change score model for grip 

strength and fat mass over Years 2-10 

Parameter Estimate (95% CI) P-value 
Prior grip strength level on grip strength change -0.146 (-0.63, 0.338) 0.555 
Prior fat mass level on fat mass change -0.179 (-0.517, 0.16) 0.301 
Prior grip strength level on fat mass change -0.756 (-1.146, -0.365) <0.001 
Prior fat mass level on grip strength change -0.04 (-0.324, 0.243) 0.780 
Prior grip strength change on grip strength change 1.046 (0.203, 1.889) 0.015 
Prior fat mass change on fat mass change 0.569 (-0.049, 1.186) 0.071 
Prior fat mass change on grip strength change -0.066 (-0.733, 0.601) 0.847 
Prior grip strength change on fat mass change 1.952 (1.287, 2.617) <0.001 
Grip strength residual variance 0.221 (0.213, 0.229) <0.001 
Fat mass residual variance 0.045 (0.044, 0.047) <0.001 
Grip strength latent intercept variance 0.8 (0.752, 0.848) <0.001 
Fat mass latent intercept variance 0.984 (0.931, 1.037) <0.001 
Grip strength slope variance 0.02 (-0.108, 0.147) 0.762 
Fat mass slope variance 0.546 (-0.005, 1.097) 0.052 
Cov (grip strength and fat mass intercepts) 0.147 (0.11, 0.183) <0.001 
Cov (grip strength intercept and slope) 0.116 (-0.289, 0.521) 0.575 
Cov (fat mass intercept, grip strength slope) 0.056 (-0.258, 0.371) 0.725 
Cov (grip strength intercept, fat mass slope) 0.64 (0.317, 0.963) <0.001 
Cov (fat mass intercept and slope) 0.274 (-0.069, 0.618) 0.118 
Cov (grip strength and fat mass slopes) 0.099 (-0.276, 0.474) 0.605 
Grip strength latent intercept -0.006 (-0.043, 0.03) 0.735 
Fat mass latent intercept -0.003 (-0.04, 0.035) 0.888 
Grip strength slope -0.066 (-0.081, -0.052) <0.001 
Fat mass slope 0.023 (-0.009, 0.055) 0.159 
Corr (grip strength and fat mass intercepts) 0.165 (0.126, 0.205) <0.001 
Corr (grip strength and fat mass slopes) 0.954 (0.681, 1.227) <0.001 
Corr (grip strength intercept and slope) 0.923 (0.424, 1.422) <0.001 
Corr (grip strength intercept, fat mass slope) 0.968 (0.877, 1.059) <0.001 
Corr (fat mass intercept, grip strength slope) 0.406 (-1.154, 1.965) 0.610 
Corr (fat mass intercept and slope) 0.374 (-0.018, 0.766) 0.061 

   
Model was applied to the pooled sample of men and women  
Units of analyses were sex-specific z-scores derived using the mean and SD at Year 2 
Maximum likelihood estimation was used   
Key parameters relating change in one characteristic to change in another are highlighted in bold 
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Appendix 45: Parameter estimates from an extended bivariate dual change score model for gait 

speed and ALM over Years 2-10 

Parameter Estimate (95% CI) P-value 
Prior gait speed level on gait speed change -0.579 (-0.985, -0.173) 0.005 
Prior ALM level on ALM change 0.325 (0.156, 0.495) <0.001 
Prior gait speed level on ALM change -0.133 (-0.218, -0.048) 0.002 
Prior ALM level on gait speed change -0.656 (-0.99, -0.322) <0.001 
Prior gait speed change on gait speed change 1.681 (0.96, 2.402) <0.001 
Prior ALM change on ALM change -0.688 (-0.907, -0.47) <0.001 
Prior ALM change on gait speed change 1.947 (1.179, 2.715) <0.001 
Prior gait speed change on ALM change -0.128 (-0.304, 0.049) 0.156  
Gait speed residual variance 0.221 (0.212, 0.229) <0.001 
ALM residual variance 0.042 (0.041, 0.044) <0.001 
Gait speed latent intercept variance 0.792 (0.743, 0.841) <0.001 
ALM latent intercept variance 0.95 (0.899, 1.001) <0.001 
Gait speed slope variance 0.607 (0.116, 1.097) 0.015 
ALM slope variance 0.152 (0.032, 0.272) 0.013 
Cov (gait speed and ALM intercepts) -0.105 (-0.141, -0.07) <0.001 
Cov (gait speed intercept and slope) 0.387 (0.059, 0.715) 0.021 
Cov (ALM intercept, gait speed slope) 0.569 (0.245, 0.894) 0.001 
Cov (gait speed intercept, ALM slope) 0.158 (0.085, 0.23) <0.001 
Cov (ALM intercept and slope) -0.345 (-0.506, -0.185) <0.001 
Cov (gait speed and ALM slopes) -0.14 (-0.319, 0.039) 0.126 
Gait speed latent intercept -0.001 (-0.038, 0.036) 0.950 
ALM latent intercept 0 (-0.037, 0.036) 0.992 
Gait speed slope -0.056 (-0.091, -0.02) 0.002 
ALM slope -0.139 (-0.159, -0.12) <0.001 
Corr (gait speed and ALM intercepts) -0.122 (-0.162, -0.081) <0.001 
Corr (gait speed and ALM slopes) -0.46 (-0.89, -0.03) 0.036 
Corr (gait speed intercept and slope) 0.558 (0.159, 0.957) 0.006 
Corr (gait speed intercept, ALM slope) 0.454 (0.262, 0.646) <0.001 
Corr (ALM intercept, gait speed slope) 0.75 (0.436, 1.064) <0.001 
Corr (ALM intercept and slope) -0.908 (-0.999, -0.818) <0.001 

   
ALM: Appendicular lean mass  
Model was applied to the pooled sample of men and women  
Units of analyses were sex-specific z-scores derived using the mean and SD at Year 2 
Maximum likelihood estimation was used   
Key parameters relating change in one characteristic to change in another are highlighted in bold 
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Appendix 46: Parameter estimates from an extended bivariate dual change score model for 

ALM and fat mass over Years 2-10 

Parameter Estimate (95% CI) P-value 
Prior ALM level on ALM change -0.324 (-0.425, -0.222) <0.001 
Prior fat mass level on fat mass change -0.485 (-0.641, -0.33) <0.001 
Prior ALM level on fat mass change 0.147 (0.033, 0.262) 0.012 
Prior fat mass level on ALM change -0.05 (-0.17, 0.07) 0.413 
Prior ALM change on ALM change -0.046 (-0.219, 0.127) 0.602 
Prior fat mass change on fat mass change 0.885 (0.509, 1.262) <0.001 
Prior fat mass change on ALM change 0.479 (0.201, 0.757) 0.001 
Prior ALM change on fat mass change 0.432 (0.202, 0.662) <0.001 
ALM residual variance 0.044 (0.042, 0.046) <0.001 
Fat mass residual variance 0.046 (0.044, 0.048) <0.001 
ALM latent intercept variance 0.957 (0.906, 1.009) <0.001 
Fat mass latent intercept variance 0.975 (0.922, 1.027) <0.001 
ALM slope variance 0.113 (0.023, 0.203) 0.014 
Fat mass slope variance 0.166 (0.024, 0.307) 0.022 
Cov (ALM and fat mass intercepts) 0.621 (0.578, 0.665) <0.001 
Cov (ALM intercept and slope) 0.312 (0.178, 0.446) <0.001 
Cov (fat mass intercept, ALM slope) 0.223 (0.079, 0.367) 0.002 
Cov (ALM intercept, fat mass slope) 0.161 (-0.024, 0.346) 0.089 
Cov (fat mass intercept and slope) 0.377 (0.173, 0.581) <0.001 
Cov (ALM and fat mass slopes) 0.063 (-0.034, 0.16) 0.205 
ALM latent intercept -0.005 (-0.042, 0.031) 0.777 
Fat mass latent intercept 0.004 (-0.033, 0.041) 0.840 
ALM slope -0.129 (-0.145, -0.113) <0.001 
Fat mass slope 0.022 (0.004, 0.039) 0.015 
Corr (ALM and fat mass intercepts) 0.643 (0.62, 0.666) <0.001 
Corr (ALM and fat mass slopes) 0.461 (0.052, 0.87) 0.027 
Corr (ALM intercept and slope) 0.949 (0.916, 0.982) <0.001 
Corr (ALM intercept, fat mass slope) 0.404 (0.099, 0.709) 0.009 
Corr (fat mass intercept, ALM slope) 0.673 (0.478, 0.868) <0.001 
Corr (fat mass intercept and slope) 0.938 (0.825, 1.05) <0.001 

   
ALM: Appendicular lean mass  
Model was applied to the pooled sample of men and women  
Units of analyses were sex-specific z-scores derived using the mean and SD at Year 2 
Maximum likelihood estimation was used   
Key parameters relating change in one characteristic to change in another are highlighted in bold 
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