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By  
Nicholas Rubek Fuggle 

The ability to predict those at risk of more rapid musculoskeletal ageing is vital if therapeutic 
strategies are to be successful. Precise description of the ageing musculoskeletal phenotype 
combined with the mapping of epigenetic changes, specifically those within the DNA methylome, 
enable precise age prediction and ‘epigenetic clocks’ have been formulated to capture ‘biological’ 
ageing. With this in mind, the broad aims of my thesis are: 

• To describe the longitudinal change in bone microarchitecture and muscle strength
• To investigate the association between baseline epigenetic age acceleration and

musculoskeletal outcomes
• To identify novel epigenetic marks which are associated with key musculoskeletal indices

of grip strength and bone mineral density through Epigenome-Wide Association Study

This thesis is focused on the Hertfordshire Cohort Study (HCS); a group of community-dwelling, 
older adults in which baseline blood samples are available for epigenetic analysis. In 2017 I led a 
musculoskeletal phenotyping pass of the cohort including grip dynamometry, dual-energy X-ray 
absorptiometry (DXA) and High Resolution peripheral quantitative computed tomography (HR-
pQCT) to complement the same assessments which had previously been performed in 2011-12. 
Longitudinal change in HR-pQCT parameters, grip strength and hip bone mineral density was 
analysed and the determinants of HR-pQCT parameter change were examined. Using DNA from 
whole blood leukocytes at HCS baseline (1998-2004) DNA methylation was measured and 
epigenetic age acceleration calculated (HorvathAge, GrimAge and PhenoAge). The relationship 
between epigenetic age acceleration at baseline (1998-2004) and musculoskeletal phenotype was 
examined.  In additional exploratory analyses an epigenome-wide approach was utilised to 
elucidate specific CpG sites associated with cross-sectional grip strength and total femoral neck 
bone mineral density. 

Baseline values of HR-pQCT parameters and greater decline in trabecular Bone Mineral Density 
(BMD) were associated with fracture and change in trabecular BMD was associated with a single-
nucleotide polymorphism (SNP) in the WNT16 gene (β= -0.28 (-0.50,-0.07), p=0.011). Greater 
epigenetic age acceleration, as calculated via the new iterations of the epigenetic clocks (in 
particular GrimAge), was associated with lower maximum grip strength (β= -1.25 (-2.24,-0.26), 
p<0.02) and gait speed (β= (-0.04 (-0.09,-0.00), p<0.05)  at multiple time points in males. In 
epigenome-wide analyses, methylation of a CpG site proximal to ECE1 was associated with 
maximum grip strength (adjusted p<0.05) and biologically plausible pathways including those 
governing the regulation of the actin cytoskeleton were significantly associated with total femoral 
neck bone mineral density (p<0.05). 



These findings are largely hypothesis building and require further investigation and replication. 
However, they do add to our current understanding of skeletal changes associated with ageing, the 
ability of epigenetic clocks to predict future musculoskeletal phenotypes and identify novel loci of 
methylation which are associated with musculoskeletal ageing. 
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450k array  A methylation microarray measuring methylation at 450,000 CpG sites 

850k array  A methylation microarray measuring methylation at 850,000 CpG sites 

ACE   Angiotensin-converting Enzyme gene 

AHRR   Aryl-Hydrocarbon Receptor Repressor gene 

BMC   Bone mineral content 

BMD   Bone mineral density 

BMI   Body Mass Index 

CaMOS  Canadian Multicentre Osteoporosis Study 

CI   Confidence interval 

CpG   Cytosine (C) adjacent to a Guanine (G) bound by a phosphate backbone (p) 

CNTNAP2  Contactin Associated Protein 2 

DNA   Deoxyribonucleic acid 

DNMT  DNA methyltransferase enzymes 

DXA    Dual X-ray Absorptiometry 

ECE1   Endothelin converting enzyme-1 gene 

eNOS   Endothelial nitric oxide synthase (also known as Nos3) 

EPIC array  see 850k array 
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Chapter 1 Introduction 

1.1 Summary of the project 

1.1.1 Introduction 

The deteriorating effect of ageing on bones and muscles is a cause of significant concern for the 

population at large and is due to grow with the rapid expansion of the elderly population1. The 

ability to predict those at risk of more pronounced musculoskeletal ageing is vital if therapeutic 

strategies are to be successful2. Therefore, a thorough understanding of changes in bone 

microarchitecture, grip strength and bone mineral density over time as an individual ages, and the 

identification of biomarkers, including epigenetic clocks3, that capture ‘biological’ age have the 

potential for significant clinical application4,5. Further exploration of the DNA methylation profiles 

has the potential to shape hypotheses and provide mechanistic insights which could lead to new 

therapeutic approaches. 

1.2 Musculoskeletal ageing 

Ageing affects all tissues including muscle and bone leading ultimately to the ageing diseases of 

the musculoskeletal system; sarcopenia and osteoporosis, both of which increase the risk of 

fractures. 

1.2.1 Sarcopenia 

The etymology of sarcopenia is from the Greek ‘sarx’ for muscle and ‘penia’ meaning ‘loss’. It is a 

condition characterized by progressive, age-related muscle weakness6 and, in September 2016, 

sarcopenia gained ‘disease-status’ as it was assigned an ICD-10-CM code (M62.84) 7.  Sarcopenia 

leads to a significant burden to the UK health economy with a recent health economic analysis 

estimating that sarcopenia is responsible for approximately £2.5 billion of healthcare costs each 

year8. 

It is defined by the European Working Group on Sarcopenia (EWGSOP) as the presence of low 

muscle mass, reduced muscle strength and impaired physical performance9, with the most recent 

European definition (EWGSOP2) stating that sarcopenia is confirmed by the combination of low grip 



strength and low lean mass, and sarcopenia is categorised as severe if there is additional muscle 

function impairment as judged by gait speed6. 

A recent meta-analysis including over 50,000 individuals estimated that the global prevalence of 

sarcopenia was 10% in men and women10, which is concerning from a global and national health 

perspective as the condition is associated with a greatly increased risk of frailty, disability, 

premature death and falls, which, in turn, increase the risk of fracture. The incidence increases with 

age11 with estimates of 1.6% in European individuals over a period of 4.3 years (aged 40-79 years)12, 

3.4% in Chinese older adults over 4 years (mean age 72 years)13 and 3.7% in English older adults (85 

years)14. Indeed, another Chinese study including 4500 participants (mean age 62 years) described 

a steadily increasing percentage prevalence by age  for < 65 years, 65–74, 75–84 and ≥ 85 years of 

11.2%, 26.5%, 50.5% and 65.2%, respectively15. 

Although there are different facets to sarcopenia (being strength, function and mass) we will focus 

largely on grip strength and gait speed, as these parameters are available at all timepoints of the 

Hertfordshire Cohort Study. Indeed, both are included as key elements of ‘intrinsic capacity’, a 

concept developed by the World Health Organisation in 2015 to consider healthy ageing not simply 

as the absence or presence of disease, but as the ability of an individual to perform the tasks or 

functions they value16.  

The performance of muscle changes across the lifecourse. For example, grip strength peaks in the 

fourth decade (30-40 years) before a plateau or very gradual decline until the seventh decade (60-

70 years) when the decline is more rapid17. This is depicted in Figure 1 which shows the results of a 

meta-analysis of studies from across the lifespan and the amalgamated lifecourse trends for grip 

strength in the UK17.  
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Figure 1: The lifecourse trends and trajectories for grip strength in males and females.  

Lines are drawn for the 10th, 25th, 50th, 75th and 90th centiles. Coloured dots represent 

each of the constituent studies included in the meta-analysis (reproduced from 

Dodds and colleagues under the terms of the Creative Commons Attribution License 

17). 

 

Body composition is also important to consider in individuals with sarcopenia, not least because 

lean mass is included in some definitions of the disease6,18,19, but also because the metabolic and 

inflammatory changes associated with obesity and excessive adipose tissue can lead to reduced 

muscle function and muscle mass20. The term to describe this subset of sarcopenia is ‘sarcopenic 

obesity’ and has been associated with various health outcomes including death21. 

Falls are one of the key clinical sequelae for sarcopenia with a meta-analysis incorporating 45,000 

individuals from 33 studies showing that sarcopenic individuals had an increased odds of falls 

compared to non-sarcopenic controls (for cross‐sectional studies: OR 1.60 (95% CI 1.37,1.86) 

p<0.001), for prospective studies: OR 1.89 (95% CI 1.33,2.68), p<0.001)22.Pertinently, this study also 

showed an increased risk of fractures in sarcopenic individuals (for cross‐sectional studies OR 1.84 

(95% CI 1.30,2.62) p=0.001; for prospective studies: OR 1.71 (95% CI 1.44,2.03), p=0.011) compared 

with non‐sarcopenic individuals. 



The reason for the increased risk of fractures in individuals with sarcopenia may be due to a 

heightened risk of falls (and therefore trauma) risk, but there may also be interplay within the 

muscle and bone unit. The Mechanostat hypothesis states that the forces applied through bone via 

muscular contraction and relaxation lead to bone remodelling in order to cope with these 

stresses23,24. If muscle strength is poor, this hypothesis would suggest that bone strength is also 

reduced. Thus, sarcopenia and osteoporosis are potentially related. 

 

1.2.2 Osteoporosis 

Osteoporosis is a disease characterized by the deterioration of bone microarchitecture leading to 

reduced bone mineral density (BMD), increased bone fragility and a greatly increased risk of 

fracture25 as a result of even minor trauma. Bone mass is assessed using dual X-ray absorptiometry 

(DXA) with World Health Organization criteria defining osteopenia as a BMD between -1.0 and -2.5 

standard deviations for a young healthy adult (T-score). Osteoporosis is defined as a BMD of ≤-2.5 

standard deviations26.  

In 2010, there were 22 million females and 5.5 million males living with osteoporosis in Europe27 

and the disease accounts for approximately 3% of healthcare costs27. The impact of fragility 

fractures is estimated to increase by 23% by 2030 28, due largely to the growing elderly population 

with over 65 year olds comprising a quarter of the total population. 

Bone mass, which influences the occurrence of osteoporosis, mirrors the changes seen in muscle 

strength across the lifecourse, with the lifetime peak in the middle of the 4th decade and declines 

from approximately the 7th decade onwards29,30. The one substantial difference is the sudden, rapid 

decline in bone mass seen for women immediately after the age of 50 due to the menopause29 

(Figure 2). The decline in bone mass is mirrored by an increase in the prevalence of fracture, which 

is particularly observed as an exponential rise in hip and radiographic vertebral fractures in females, 

as seen Figure 331. 
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Figure 2: Graph mapping bone mass over the lifecourse for males and females.  

Bone mass reaches peak at approximately the fourth decade and, after a period of 

plateau, declines into older age. Particularly marked decline is observed in females 

following the menopause (reproduced from Cooper and colleagues with permission, 

License number: 5185430644725 30). g/Ca = grams of calcium, yr = years 



 

Figure 3: Age-specific incidence of radiographic vertebral, hip, and wrist (distal forearm) fractures 

in men and women.  

(reproduced from Sambrook and colleagues with permission, License number: 

5185430893577 31) 
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1.2.3 Fractures 

Both osteoporosis and sarcopenia are associated with a huge burden to the health service through 

the clinical sequelae that manifest as a result of these conditions including poor health outcomes, 

premature death and fractures 32,33. 

Fragility fractures are common in the United Kingdom with about half of women and a fifth of men, 

over the age of 50, experiencing a fragility fracture during their lifetime 34. In Europe, in 2010, there 

were an estimated 3.5 million fragility fractures with 610,000 hip fractures, 520,000 vertebral 

fractures, 560,000 forearm fractures and 1.8 million “other fractures” (comprising fractures of the 

pelvis, rib, humerus, tibia, fibula, clavicle, scapula, sternum and other femoral fractures27). 

They are also a major source of mortality and morbidity in the elderly. For example, approximately 

a third of hip fracture patients die within a year34 and patients continue to have an increased 

mortality for up to 10-years post-fracture 35.  

In the UK there are approximately 200,000 osteoporosis-related fractures per year36 which have a 

substantial impact on quality of life with 50% of hip fracture patients losing the ability to live 

independently 37. In the US, fragility fractures lead to greater than 432,000 hospital admissions and 

180,000 nursing home admissions per annum 38. 

The incidence of fractures is  increasing 27,31,39, and by 2050, it is estimated that fragility fractures 

will affect more than a quarter of those aged 60 or greater with a concurrent rise in the prevalence 

of hip fracture increasing from 1.66 million in 1990 to 6.26 million in 2050 40,41. 

There are of course additional financial implications of fragility fractures. The yearly European 

economic cost of osteoporosis-related fractures was estimated at €37 billion27 with 66% of the cost 

attributable to incident fractures, 29% to prevalent fractures and 5% to associated pharmacological 

costs. In the United States alone, the cost of fragility fractures has been estimated to rise to $25.3 

billion by 202542. Given the shift in the demographic landscape of fractures with the increasingly 

elderly skew of the population43, the above costs are likely to increase further. More recent health 

economic analyses are therefore required to elucidate the modern-day financial impact of fragility 

fractures. 

Effective therapies exist to reduce the risk of fracture44. However, at-risk individuals must first be 

identified. This can either be through secondary prevention (after an initial fracture), by using 

fracture prediction clinical tools (for example the FRAX algorithm25,45) or by using skeletal scanning 



modalities which provide metrics of bone health, the most commonly employed of which is bone 

mineral density46. 

1.3 Literature review process 

Literature searches were regularly performed throughout the doctoral research period via PubMed 

to identify relevant manuscripts and scope the related literature. Although a formal systematic 

review was not performed, the structure of the literature searches for each of the aims is described 

below. 

Searches on PubMed included the following terms for the investigation of HR-pQCT change (“bone 

microarchitecture” OR “HR-pQCT” OR “High Resolution peripheral Quantitative Computed 

Tomography” OR “cortical” or “trabecular”) AND/OR (“longitudinal” OR “change”).  

For the examination of the body of literature on epigenetic clocks and musculoskeletal ageing the 

following terms were employed via PubMed:  (“epigenetic age acceleration” OR “epigenetic age” 

OR “methylation age acceleration” OR “methylation age” OR “clock” OR “epigenetic clock” OR 

“methylation clock” OR “DNAm clock” OR “biological clock”) AND/OR (“musculoskeletal” OR 

“muscle” OR “bone” OR “sarcopenia” OR “osteoporosis” OR  “grip” OR “grip strength” OR “bone 

mineral density” OR “BMD” OR “DXA” OR “bone microarchitecture” OR “HR-pQCT” OR “gait” OR 

“body composition” OR “aging” OR “ageing”). 

For the examination of the literature for epigenome-wide association studies of grip strength and 

bone mineral density. Searches were performed on PubMed for (“EWAS” OR “epigenome-wide” 

OR “epigenome-wide association study” OR “methylation” OR “GWAS” OR “genome-wide 

association study”) AND (“grip strength” OR “sarcopenia” OR “strength” OR “BMD” or “bone 

mineral density” OR “osteoporosis”). Additional searches for relevant outcomes including “grip 

strength” and “ bone mineral density” were performed using the National Human Genome 

Research Institute and European Bioinformatics Institute GWAS catalog and the MRC Integrative 

Epidemiology Unit EWAS catalog. 

After reviewing titles and abstracts full manuscript reviews were performed and relevant 

information and data collected. References were examined for further relevant titles and literature 

which were then reviewed. 
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1.4 Skeletal scanning 

An important element of this thesis is the characterisation of change in bone microarchitecture 

with time. Bone is a complex tissue composed of a collagen scaffold, onto which calcium 

hydroxyapatite is laid providing rigidity to the structure. Cortical bone is the strong outer shell which 

is tunnelled by vascular canals or pores and provides the bone with strength to support the body 

and allow movement. It is composed of an outer layer, the periosteum, and an inner layer, the 

endosteum which boundaries the trabecular compartment.  

Trabecular (or spongy) bone is a honeycomb, porous, cellular network which constitutes the inner 

compartment of the bone responsible for haematopoiesis and is the metabolic powerhouse. The 

structure of bone can be seen in Figure 4. 

 

Figure 4: Bone structure. 

On the left is a three-dimensional reconstruction of an HR-pQCT scan image of the 

tibia. On the right is a two-dimensional slice taken from an HR-pQCT of the tibia (and 

fibula). The trabecular and cortical compartments are labelled. On the two-

dimensional slice, pores can be seen within the cortex (adapted from Paccou and 

colleagues47). 

 

Bone cells include osteoblasts, responsible for bone formation, osteoclasts, responsible for the 

bone resorption (the removal of defective or old bone) and osteocytes, which are osteoblasts which 

have become fixed within the bone matrix and play a role in cell communication and bone 

regulation (including coordinating bone homeostasis and response to mechanical stressors).  



Imaging of the skeleton allows us to identify and track changes in bone as an individual ages and 

there have been substantial developments in the field over the past century (as seen in the timeline 

below, Figure 5). The predominant scanning modality is DXA which allows visualisation of bone, but 

also provides measures of body composition, including muscle and fat.  

Recently there have been particular step-changes in research scanning modalities which have 

enabled further analysis of skeletal properties and particularly bone microarchitecture through high 

resolution imaging. The use of this technology is a feature of this thesis. 

 

Figure 5: Timeline of skeletal scanning modalities.  

DXA (Dual X-ray Absorptiometry). pQCT (Peripheral Quantitative Computed 

Tomography). HR-pQCT (High Resolution pQCT) 

 

1.4.1 Dual X-ray Absorptiometry 

There has been great progress in the field of skeletal scanning, as seen in the timeline in Figure 5. 

The assessment of bone mineral density harks back to the late 19th Century with observations 

published on the osteopenic appearances of dental radiographs and later progressed to use 

absorptiometry. The origin of the latter lies in the in vivo, single photon absorptiometry (SPA) work 

of Cameron and Sorenson in 1963 48. 

Dual X-ray Absorptiometry (DXA) has since become the gold-standard measure for bone mineral 

density due to the scientific demonstration of a strong correlation with biomechanical bone 

strength via finite element analysis 49, correlation with the clinical outcome of fracture risk 50 and 

the relatively low radiation burden 51. It is also a viable measure for muscle mass in the assessment 
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of sarcopenia52, when appendicular (arm and leg) lean mass is employed, and also fat mass in 

measures of body composition. Indeed, DXA-measured body composition has been extensively 

validated 53-55 and used in epidemiological cohort study56,57. 

The quantitative measures which can be derived from 2D densitometry include bone area (cm2), 

bone mineral content (BMC) (grams) and areal bone mineral density (BMD) (g/cm2), with the last 

being the most widely used parameter in clinical practice. Areal BMD is calculated using pixel by 

pixel attenuation values of a test material (in this case bone) against a control phantom58.  

Material BMD refers to the mineralization of a small volume of organic bone matrix. The small 

volume is due to the necessity to exclude marrow, lacunae, canaliculi and osteonal canals from the 

sample. This can be performed invasively via bone biopsy, or, more recently (for cortical bone), via 

the virtual bone biopsy afforded by High Resolution Peripheral Quantitative Computed Tomography 

(HR-pQCT) which will be described further below. 

1.4.2 Development of High Resolution Peripheral Quantitative Computed Tomography 

As previously attested, DXA is the current gold standard, though it does have some limitations. 

These include the lack of compartmental (and volumetric) bone mineral density, the fact that bone 

mineral density measurements are size dependent (as they are calculated using a two-dimensional 

projection of a three-dimensional structure with no adjustment for the depth of the object) and the 

measures of bone mineral density are susceptible to changes in body composition. 

In order to counter these issues and to provide additional measures of bone structure, 

morphometry and biomechanics, other ‘non-DXA’ scanning techniques have developed and are 

employed (largely in the research setting) including HR-pQCT. 

1.4.2.1 High-Resolution pQCT 

The most recent member of the QCT family is the high resolution peripheral QCT (XtremeCT, Scanco 

Medical, Bruttisellen, Switzerland). The enhanced spatial resolution afforded by this modality is in 

excess of that provided by standard pQCT, QCT or magnetic resonance imaging (MRI) 59. It has a low 

radiation dose (3-5 microSv depending on the scanner60) and, due to semi-automated contouring 

and segmentation, provides densitometry, morphometry and biomechanic measures through finite 

element analysis (including stiffness and elastic modulus61,62). 



Although cross-sectional studies utilising this modality exist, longitudinal studies focused on a 

mixed-sex, older population are lacking. This can be seen demonstrated in Appendix 1 and section 

below which summarises the relevant HR-pQCT, bone microarchitecture literature. 

The process of literature review for this section is described in section 1.3. 

1.4.2.1.1 Density 

Due to the nature of the imaging technique, HR-pQCT provides a three-dimensional measure of 

bone mineral density and thus, whereas DXA BMD is a two-dimensional areal measure, HR-pQCT 

BMD is volumetric. This can be captured in the bone as a whole (total volumetric BMD) or in the 

individual cortical and trabecular compartments. 

A rich area of research in this area is the cross-sectional examination of females either side of the 

menopause, in order to describe the bone microarchitectural changes occurring in response to this 

change in physiology. 

While some studies have demonstrated a significantly lower bone mineral density (BMD) in post-

menopausal compared to healthy pre-menopausal or perimenopausal females63 (a 36.3% lower 

volumetric BMD, p<0.00164 and 291mg/cm3 (perimenopausal) vs 331mg/cm3 (post-menopausal), 

p<0.0165.When examining longitudinal change of bone microarchitecture in these groups significant 

differences for change in total BMD over 6 years of follow-up are not observed 65 (0.8% loss per 

year (perimenopausal) vs 1.1% loss per year (post-menopausal), p=0.28 65. Furthermore, a study 

across the lifecourse did demonstrate a significant reduction in total density at the tibia over 3 years 

of follow-up in a subgroup of post-menopausal females (0.42% loss per year) but moderate annual 

increases in pre-menopausal females (0.28% gain per year), young men (aged 20-49 years, 0.13% 

gain per year) and older men (aged over 50 years, 0.15% gain per year)66. This may be because post-

menopausal females were compared to perimenopausal females in the study (by Burt and 

colleagues) where no significant differences were observed65 and a younger group of females was 

included in the study by Shanbhogue and colleagues (aged as young as 21 years)66.  

In the absence of long-term longitudinal studies across the lifecourse, a recent review has combined 

the results of previous studies to map the differences between bone microarchitecture of normal 

young adults (aged 20-30 years) and older adults (of age 80). This described that in females there 

was a 33% reduction in total volumetric BMD between these two ages, with a 22% reduction for 

males60. Reductions were also observed in cortical (females 16%, males 11%) and trabecular 

(females 29%, males 17%) BMD. 
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1.4.2.1.2 Cortical parameters 

To recap, the cortex is the dense, hard, outer layer of long bones with microarchitectural 

descriptions including thickness and density of the cortex and cortical porosity (which measures the 

degree to which the cortex is affected by pores in the bone). 

Cortical porosity (measured by percentage of the total cortex) is higher in post-menopausal 

compared to pre-menopausal females (3.2% vs 12.9%, p<0.001) 67 and higher in osteoporotic 

compared to osteopenic individuals (2.1% vs 8.1%, p<0.001)67. The rate of development of cortical 

porosity does not differ significantly between younger (aged 21-49 years) and older (aged over 50 

years) men (4.73%/year vs 2.77%/year, p>0.05)   (in a longitudinal lifecourse study of bone 

microarchitecture) (66. Tibial cortical porosity increases faster in perimenopausal females compared 

to postmenopausal females ((increasing at 9%/year vs increasing at 6%/year, p<0.05)65. 

Cortical thickness in post-menopausal females is 41.4% lower compared to pre-menopausal 

females (p<0.001) and 18.1% lower for those with post-menopausal osteoporosis compared to 

post-menopausal osteopenia (p<0.01) 63,67. In younger women and men cortical thickness increases 

by 0.06%/year and 0.37%/year over 3 years of follow-up 66. 

In the comparison review of young adults (aged 20-30 years) and older adults (aged 80) cortical 

thickness reduced (females 33%, males 20%) and cortical porosity increased substantially (females 

303%, males 185%) in the older adults60. 

1.4.2.1.3 Trabecular parameters 

Again, to recap, the trabecular compartment refers to bone filled with trabeculae, which is spongy, 

marrow-filled and resides at the distal ends of long bones and also in the vertebrae and pelvis. It 

can be described according to the number of trabeculae, trabecular thickness, and degree of 

separation of trabecular elements. 

Trabecular separation is observed to be 12.3% higher in osteoporotic compared to osteopenic 

individuals (p<0.01) 63 and a 20.4% lower trabecular number is seen in post-menopausal females 

compared to pre-menopausal females (p<0.001)63. Early in the lifecourse trabecular thickness was 

observed to increase in growth curves over 2 years of follow-up in a longitudinal study of children 

and adolescents 68. 

A comparison review revealed reductions in trabecular number (females 19%, males 4%) and 

trabecular thickness (females 17%, males 9%)60 for older adults compared to young, healthy adults. 



1.4.2.1.4 Association with fracture 

When examining the relationship between bone microarchitecture and fracture, the literature is 

divided into studies examining the phenotype of individuals who have sustained fractures 

previously and those who sustain fractures in the future (thus representing the ability of the 

technique to demonstrate the capacity to predict fractures). 

Volumetric BMD was predictive of future fracture beyond the Fracture Risk Assessment Tool 

(FRAX®) over 5 years in the GERICO cohort of post-menopausal women (AUC 0.78 vs 0.71, p=0.015) 

69, as was tibial total BMD (OR 2.1), radial total BMD (OR 2.1) and radial trabecular BMD (OR 2.0) in 

the CaMOS cohort70. Cortical thickness at the tibia was also predictive in the CaMOS study (OR 2.2)70 

though trabecular parameters at the radius had greater predictability over 10 year of follow-up in 

the OFELY cohort (for each quartile decrease in trabecular BMD, Hazard Ratio (HR) for fracture = 

1.39, p=0.001)71 and trabecular parameters had a greater association with future fracture in a group 

taking denosumab 72. An additional finding from the CaMOS study was that baseline values rather 

than rate of change were more associated with future fractures in post-menopausal women70.  

In males, trabecular number appeared to be the strongest baseline predictor of fracture in the 

STRAMBO cohort of 825 males aged 60 to 87 years (over 8 years of prospective follow-up)73 

(HR=1.63 per SD decrease, p<0.001) and the MrOS study (1794 males, mean age 84.4 years)( 

HR=1.68 per SD decrease, p<0.05) 74. In a cohort of Swedish males the fracture prediction from tibial 

cortical area was independent of DXA-measured areal BMD (HR=2.05 per SD decrease, p<0.05), but 

trabecular number was not (HR=1.23 per SD decrease, p>0.05)75, which may be due to the fact that 

this Swedish study focused on tibial rather than radial HR-pQCT 

Associations with prior fracture (which will be the subject of the analyses within this project given 

the available fracture outcomes in the HCS) have been explored in males and females. In older men 

prior fracture was associated with reduced cortical thickness (OR=2.13, p<0.001), reduced cortical 

BMD (OR=2.16, p<0.001)  and increased cortical porosity (OR=1.75, p<0.001), in the Swedish arm 

of the MrOS study 76 and vertebral fractures were associated with cortical density (OR=1.39, p<0.05) 

and cortical thickness (OR=1.61, p<0.05) in the STRAMBO study (independent of areal BMD)77. In 

the GLOW study of females who had sustained fractures, cluster-analysis identified a phenotype of 

trabecular impairment (lower trabecular density and number) which was associated with fracture 

(p<0.01)78. 

A recent systematic review of bone microarchitecture associations with fracture included 40 studies 

with individuals of 10-85 years, and demonstrated that significantly poorer bone parameters were 

observed in those with a history of fracture79, highlighting the potential of HR-pQCT to identify 

phenotypic changes in bone microarchitecture for those sustaining fractures. 
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1.4.2.1.5 Post-fracture change 

The changes associated with fracture have been investigated at the radius following wrist fracture, 

and demonstrated increases in cortical (21% increase) and trabecular thickness (55% increase) for 

the wrist on the fracture side at 1 year of follow-up in post-menopausal women80. 

1.4.2.1.6 Changes across the lifecourse 

The description of change across the lifecourse appear to vary between studies and anatomical 

regions (radius and tibia). In the CaMOS cohort bone volume parameters at the radius were stable 

until the age of 50 years, when a reduction was observed. However, in the same study, a linear 

deterioration was seen at the tibia81. In a different study, including 132 adults aged 20-79 years, a 

linear reduction was also observed, 82 likely due to the fact that the CaMOS study included over 600 

individuals and so was better powered to identify non-linear associations. 

When specifically examining the cortex, parameters appear to plateau until the age of 50 for 

women (likely due to the menopause) and 60 for men, after which an accelerated decline is 

observed for BMD and rapid increase in porosity 82-84. 

However, this approach of mapping change across the lifecourse appears to over-estimate the 

change in parameters compared to more rigorous longitudinal studies. 

1.4.2.1.7 Longitudinal literature 

There are three previous studies describing longitudinal change in bone microarchitecture.  

A 5-year follow-up study in the CaMOS cohort of mixed sex 20-80 year olds (n=466) described 

(quoting the results for the 70-79 year old subgroup who are most similar to the HCS at the time 

HR-pQCT was performed) reduced volumetric bone mineral density(-0.5%/year males, -0.9%/year 

females), increases in trabecular area (0.3%/year males, 0.1%/year females) and cortical porosity 

(2.8%/year males, 10%/year females), with reductions in cortical BMD (-0.2%/year males, -

0.6%/year females), thickness (-1.2%/year males, -0.8%/year females) and area (-1.3%/year males, 

-0.9%/year females)85.  

Kawalilak and colleagues examined a subset of post-menopausal women (n=51, mean age 77 years) 

in the CaMOS cohort and, over 1 year follow-up described, at the radius, significant decreases in 

total volumetric BMD (-1.7%), trabecular number (-6.4%) and increases in trabecular thickness 

(6.0%) and separation (8.6%). At the tibia, there were reductions in cortical area (-4.5%), density (-

1.9%), and thickness (-4.4%) with increases in trabecular area (0.4%) 86. Shanbhogue and colleagues 



performed a study in the Danish Civil registry including 3 years of follow-up in 260 adults (females 

mean age 46 years, males mean age 55 years)66. In the subgroup, which was most similar to the 

HCS, post-menopausal females had reduced trabecular BMD (-0.2%/year) and cortical BMD 

(0.4%/year) at the radius and reduced cortical BMD at the tibia (-0.6%/year), with milder 

deterioration observed in males of the same age. 

The HR-pQCT phenotyping of the HCS cohort, due to the age group, length of follow-up 

(approximately 5 years) and size (approximately 220 individuals) therefore has the potential to add 

to the current literature and expand our knowledge of bone microarchitecture changes in 

community-dwelling older adults. 

1.4.2.1.8 Changes associated with interventions 

Medications to treat osteoporosis include anti-resorptive bisphosphonates. These have been 

shown to significantly increase cortical area, reduce trabecular area and increase total volumetric 

density 86 as well as to increase cortical density and thickness 86,87 in order to reduce fracture risk. 

Sedentary time, as measured by accelerometery has been shown to be detrimental to bone 

microarchitecture in cross-sectional studies88. 

1.4.2.1.9 HR-pQCT literature review conclusion 

As demonstrated from the above literature review, the aim of our study ‘To evaluate the change in 

bone microarchitecture from 2011-12 to 2017’ is a novel endeavour and will contribute to the wider 

literature. The studies included are summarised in Appendix 1 table.



 

17 

 

1.5 Epigenetic ageing 

1.5.1 Ageing 

Ageing is defined as the ‘increasing frailty of an organism with time that reduces the ability of that 

organism to deal with stress’. It is a process which is intimately related to a multitude of disease 

processes and, as such, is an exciting area of research as it is both a problem and opportunity. The 

problem is that unhealthy ageing can lead to increasing frailty and dependence and is a burden on 

the national health and social care services. The opportunity is that healthy ageing could maintain 

the independent function of individuals and allow continued contribution to society.  

As suggested by the increased susceptibility to many diseases with increasing age, ageing affects all 

tissues. It is characterized by cardinal cellular features including altered telomere length, 

deterioration in the function of antioxidants, reduced somatic repair, alterations in stress response 

and chronic inflammation. 

Some individuals age at a faster rate, with a more rapid trajectory towards dependence than others. 

Thus, there appears to be a dichotomy between chronological and biological age. Given ‘problem’ 

and ‘opportunity’ presented above, it would be valuable to be able to predict those at risk of a 

faster rate of ageing or accelerated aging so that interventions could be made to reduce the rate of 

decline. 

In this thesis we will investigate the relationship between elements of musculoskeletal ageing and 

novel epigenetic biomarkers followed by methylation loci across the genome. 

1.5.2 Epigenetics 

Epigenetics is the study of changes which occur in an organism due to changes in expression of the 

genetic code rather than changes to the genetic code itself (termed ‘genetics’). In other words, 

epigenetic mechanisms impact upon the function of DNA without changing the DNA sequence89. It 

is important to recognise that epigenetic changes, in contrast to genetic changes, can vary 

according to different cell types and therefore can demonstrate significant tissue-specificity90. 

There are different types of epigenetic mechanisms: histone modification, non-coding RNAs and 

DNA methylation. The latter is the focus of this doctoral thesis but I will introduce the first two 

mechanism now to provide context. 



Histones are basic proteins which act as spools around which DNA is wrapped and, as such, fulfil 

the function of both efficiently packing, and providing protection to, DNA strands91. A nucleosome 

is a unit formed of DNA wound around a histone (octamer) core and is the subunit of chromatin 

(the name given to the overall complex of DNA and protein). Histones possess N-terminal tails of 

amino acids which are usually positively charged but can undergo neutralisation via post-

translational modifications leading to reduced binding to (negatively charged) DNA91,92. This results 

in unwinding of DNA and provides a platform for transcription factors to bind and express genes. 

An example of post-translational modification is acetylation of lysine93 residues by the enzyme 

histone acetyl transferase (HAT) which leads to active transcription94. In contrast, the enzyme 

histone deacetylase (HDAC) converts acetylated lysine residues to lysine and thereby reduces 

transcription94. 

Gene expression can also be negatively regulated by non-coding ribonucleic acids (RNAs). These 

silencing RNAs include microRNAs and short-interfering (si)RNAs  which are usually 20-50 

nucleotides in length and act in the cytoplasm to block the transcription of messenger (m)RNA (via 

combination with the enzymatic, RNA-induced Silencing Complex (RISC))95. There are also long non-

coding RNAs which are larger at over 200 nucleotides in length and modulate the structure and 

function of chromatin in order to control the transcription of genes and influence RNA translation96 

(for example playing a key role in X-chromosome inactivation97). 

 

1.5.3 Methylation 

Methylation of the fifth carbon of the aromatic ring of cytosine bases (forming 5-methylcytosine) 

can theoretically affect any cytosine in the genome98 but frequently occurs where a cytosine abuts 

a guanine base (named a CpG site with ‘C’ standing for cytosine, ‘G’ standing for guanine and ‘p’ 

referring to the phosphate backbone of DNA which joins the two bases).  

The purposes of DNA methylation are the subject of ongoing research but findings so far suggest 

that the process plays a role in genomic imprinting (where DNA methylation is differentially present 

in the paternal and maternal germlines leading to differential gene expression in those genes 

inherited from each parent), X chromosome inactivation99 and, potentially, in the regulation of gene 

expression. 

CpG sites are under-represented in the mammalian genome with 5-fold fewer than would be 

expected by chance alone89. This under-representation may be due to the fact that a methylated 

cytosine can undergo deamination to become thymine and thereby predispose to mutation100. CpG 

sites cluster in regions known as CpG islands101. These islands are bordered by CpG shores (which 

extend for <2 kilobases), which in turn are bordered by CpG shelves (which extend for <2 kilobases). 
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Over 50% of genes in vertebrate genomes have CpG islands102 and most CpG islands remain 

unmethylated in somatic cells102 (over 90% in normal cells and tissues101). On the contrary, the 

majority (80%) of CpG sites (as a whole) are methylated in human embryonic stem cells103.  

This emphasises that the process of DNA methylation is dynamic. Cytosine methylation is 

performed by DNA methyltransferases (DNMT), a family of enzymes with various functions 

including the maintenance of DNA methylation through mitotic division (DNMT1) 104 and de novo 

methylation at particular sites (DNMT3A, DNMT3B) 105. Demethylation is performed by 

demethylases including ten eleven translocation (which converts 5-methylcytosine to 5-

hydroxymethylcytosine) 106,107, activation-induced cytidine deaminase and thymine DNA 

glycosylase108. The dynamic process of cytosine methylation and demethylation is important when 

we consider the potential impact on gene expression. 

CpG islands are found in transcription starts sites and, less commonly, in the body of genes102. 

Methylation of cytosines has been shown to be more prevalent in the promoter regions of silenced 

genes compared to those genes which are actively transcribed109 and methylated cytosines have 

been demonstrated to block the binding of transcription factors (required for gene 

expression)110,111. These associated discoveries suggest that the presence of methylation at 

transcription start site CpG islands is associated with silenced genes. However, it is not established 

whether the methylation of CpG islands initiates gene silencing or is a method of ‘locking in’ the 

repression of the gene89,102,112. 

CpG sites also occur within gene bodies, although most gene bodies are ‘CpG-poor’102 and those 

that do occur are often methylated102. CpG islands also occur within gene bodies113; however, 

methylation at these locations within the body does not appear to repress gene transcription114 

and, in fact, methylation appears to be positively correlated with gene expression113. The 

differential relationship between methylation and gene expression at these two genomic locations 

(promoter regions and gene bodies) is important to consider when contextualising the findings from 

epigenome-wide association studies. 

Global alterations in methylation levels can occur across the genome in response to particular 

environmental exposures and nutritional stimuli102. Hypermethylation can occur with age and loss 

of methylation has the potential to lead to genomic instability, unregulated gene expression and 

cancer115. 

With technological advancement, including methylation micro-arrays, methylation at particular loci 

could be investigated and environmental exposures were demonstrated to affect methylation 



either via direct manipulation of DNMTs and TETs 116. Associations have since been demonstrated 

between air pollution and hypomethylation of Mitogen-Activated Protein Kinase (MAPK) and 

Angiotensin Converting Enzyme (ACE) leading to asthma, emphysema and lung ageing, cigarette 

smoking and hypomethylation of AHRR and Contactin Associated Protein-2 (CNTNAP2) leading to 

cancer, cardiovascular disease and chronic respiratory conditions and nutritional exposures leading 

to hypermethylation of insulin-like growth factor-2 (IGF2), Retinoid X Receptor-α (RXRα) and 

Pleomorphic Adenoma (PLAG) leading to aberrant development116. 

There are data to suggest that methylation can accumulate across the lifecourse in response to 

environmental triggers 117. The potential reasons for this ‘epigenetic drift’ include impairment of 

methylation maintenance with age (due to malfunctioning, less effective DNMTs) 118 together with 

alterations in epigenetic profile due to environmental exposures. Indeed there is evidence from 

twin studies to support the hypothesis that increased variation in methylation with ageing is due to 

environmental stimuli 119. In this study of 230 monozygotic twin pairs, older twins had greater 

between-twin variation in methylation than younger twins. 

There are therefore various possible causes of age-associated, stochastic methylation related to 

environmental exposures and specifically programmed age-related methylation at designated sites 

to manifest a designated function, or a combination of the two.  

Regardless of the cause of methylation changes with age, the increased variability of methylation 

associated with ageing has led to interest in the ability of ‘the methylome’ to correlate with 

chronological age in so-called ‘Epigenetic Clocks’. 

1.5.4 Epigenetic clocks 

Epigenetic clocks are ageing biomarkers produced from methylation datasets. These tools have 

been developed using statistical techniques, such as elastic net regression. This method of statistical 

regularization is derived from Ridge regression and Lasso regression and is therefore useful for 

models containing many parameters which may be highly correlated. By adding a penalty to the 

sum of the squared residuals it performs better than linear regression which may over-fit to training 

data (and thereby underperform in the testing dataset).  

Elastic net regression was employed in order to identify the optimal combination of CpG sites (from 

methylation arrays) to correlate with chronological age. There are 3 main permutations which are 

summarised in Table 1 below. 

 

Clock Array type Number of 
CpG sites 

Tissue type Correlation with 
chronological age 
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HorvathAge, 
2013 

27k/450k array 353 Multiple tissues 96% correlation 

3.6 year mean 
absolute 
difference 

Horvath GrimAge 450k/850k 
arrays 

 

1030 Whole blood 
leukocytes 

Not applicable 

Horvath 
PhenoAge 

450k/850k 
arrays 

513 Whole blood 
leukocytes 

71% correlation 

Table 1: The characteristics of the Horvath, GrimAge and PhenoAge epigenetic clocks. 

 

The HorvathAge clock 120 (the earliest of the clocks used in this thesis) was designed as a multi-

tissue clock, being trained on 51 different cell and tissue-types. Of the 353 CpG sites, 193 positively 

correlate with chronological age and 160 negatively correlate with chronological age with a 

resultant 0.96 correlation with chronological age and a mean absolute difference of 3.6 years. 

The initial utility of methylation age as a correlate of chronological age has been added to by the 

discovery that the residual of known chronological age and methylation age (age predicted from 

methylation datasets) can provide methylation age acceleration. This parameter has been 

examined in association with health and disease phenotypes. The concept of age acceleration 

originates in studies of material science, but in human biology it simply refers to the residual of the 

regression of  chronological age and a calculated biological age. Age acceleration is positive if the 

predicted biological age is greater than the chronological age, and negative (or age decelerated) if 

the predicted biological age is less than the chronological age. 

There are some specific features of epigenetic clocks which are important to note with regard to 

changes across the lifecourse, sexual dimorphism and longevity. The profile of the clocks through 

the lifecourse has been investigated with longitudinal studies (using the Horvath clock) and suggest 

that methylation age is stable throughout adulthood121 with increases in ‘ticking rate’ during 

periods of rapid growth, for example in childhood122. There are significant differences in epigenetic 

age acceleration between the sexes, with men consistently being ‘more accelerated’ than women 

(consistent with epidemiological findings regarding life expectancy)123,124. Long-living individuals 

(e.g. centenarians) are age decelerated compared to controls125 and, even the offspring of semi-

supercentenarians have lower epigenetic age than their age-matched controls125.  



Since Horvath’s initial DNA methylation ‘HorvathAge’ clock, further methylation clocks have been 

devised, and with these the notion of first- and second-generation clocks has come into being. First 

generation clocks had set out with the original intention of predicting chronological age but are 

hampered by the fact that the CpG sites selected were correlative with age, rather than necessarily 

causal. This led to the production of the aforementioned second-generation methylation clocks 

(including GrimAge and PhenoAge) which aim to utilise CpG sites which could be more causative in 

the ageing process. 

The GrimAge 126 instrument aimed to improve the prediction of lifespan and was designed using a 

two-stage approach. The first stage involved developing methylation-based surrogates of 88 plasma 

proteins and whittling down to the 13 methylation models which were most highly correlated with 

the levels of a subset of 12 plasma proteins and a model of smoking packyears (r>0.35)126. The 

second stage involved regressing time to death (based on all-cause mortality) on the above models 

and, using a Cox elastic net regression, the models for smoking packyears and the 7 plasma proteins 

(adrenomedullin, beta-2-microglobulin, cystatin C, GDF-15, leptin, PAI-1, and tissue inhibitor 

metalloproteinase 1) were selected126. This process resulted in the GrimAge clock which uses 

methylation from 1030 CpG sites to predict time to death (all-cause mortality) and so give a 

measure of lifespan. 

The PhenoAge127 clock aimed to correlate with clinical characteristics which are known features of 

phenotypic aging. It too was created via a two-step process in which, in step one, a weighted 

composite score produced from 10 clinical characteristics (including albumin, creatinine, serum 

glucose, C-reactive protein, lymphocyte percentage, mean red cell volume, red cell distribution 

width, alkaline phosphatase, white cell count and age). In the second step elastic net regression 

was used to identify CpG sites which best correlated with previous biomarkers that had been 

identified as composite score. The resultant PhenoAge clock was composed of 513 CpG sites and 

significantly outperformed previous predictors of cancer, ‘healthspan’, physical functioning and 

Alzheimer’s disease127. 

1.5.5 Associations of epigenetic age acceleration with clinical outcomes 

The process of literature review for this section is described in section 1.3. 

The Horvath clocks have been investigated in cohort studies and associations demonstrated with 

mortality 128-130, cancer incidence 131, lung cancer 132 (though a non-significant effect of smoking on 

age acceleration 132,133) and a host of other cancer outcomes, diseases of ageing and mental health 

phenomena. However, there is a relative paucity of studies investigating associations with 

musculoskeletal diseases of ageing. 
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In a cross-sectional, observational study of 1820 older individuals in their early 60s in Germany, 

Horvath methylation age acceleration was significantly associated with a comprehensive frailty 

measure, ‘The Frailty Index’134. This index is based on 34 deficits in health status (including the 

presence of 11 diseases, self-rated health, 6 symptoms and difficulties in performing 16 particular 

activities of daily living). Each of these scores a single ‘deficit’ in the Frailty Index with the maximum 

being 34. There was an approximate increase of half a deficit per 6 years of epigenetic age 

acceleration (p=0.0004).  

The relationship between peripheral blood epigenetic age acceleration and frailty (according to the 

Fried Criteria135) has also been investigated in the Lothian Birth Cohort 1936 (composed of 

individuals living in Lothian currently who were born in 1936)136. This study found that a greater 

Extrinsic Epigenetic Age Acceleration (EEAA) (which incorporates the changes in white cell 

composition associated with age) was associated with a higher risk of being frail (for one year 

increase in epigenetic age, RR 1.06, 95% CI 1.02-1.10). No associations were noted with Horvath or 

Intrinsic Epigenetic Age Acceleration (IEAA) (age acceleration adjusted for white cell composition). 

Physical activity has been investigated in both the Women’s Health Initiative, which found a weak 

correlation between EEAA and physical inactivity (assessed by self-report)137 and in the Lothian 

cohort, which found that neither EEAA or IEAA were associated with sedentary or walking 

behaviour (which had been objectively measured)138. 

Increased epigenetic age acceleration was associated with reduction in balance, motor 

coordination, self-reported physical limitation, cognitive abilities, self-rated health, facial ageing 

but not grip strength139. It should be noted that effect sizes were modest. 

Marioni and colleagues140 investigated the associations between the Horvath epigenetic clock-

based age acceleration and four mortality-linked markers of fitness including general cognitive 

ability, gait speed, lung function and grip strength. Epigenetic age acceleration from blood was 

acquired, and the above markers were assessed, in 920 members of the Lothian Birth Cohort at age 

70, age 73 (in 299 participants) and age 76 (in 273 participants). Significant cross-sectional 

associations (after adjustment for leukocyte composition, height and smoking status) were 

observed between age acceleration and cognitive ability (β= -0.07, p=0.024), grip strength ((β= -

0.05, p<0.01), Forced Expiratory Volume in one second (FEV1) (β= -0.06, p<0.01) though not with 

6-metre gait speed (β= 0.03, p=0.45). There was no significant change in DNA methylation age 

acceleration over time (supporting previous data suggesting that it is stable in adulthood121) and 

only longitudinal change in FEV1 was associated with baseline age acceleration, though with a 



clinically insignificant effect size (β= 7.8 x 10-4, p=0.05). The lack of association may have been due 

to insufficient tissue specificity, the relatively short follow-up time (6 years) and a potential lack of 

statistical power. 

Simpkin and colleagues141 investigated associations between Horvath age acceleration and three 

measures of physical capability; grip strength, standing balance time and chair rise speed. 

Participants were drawn from females enrolled in the National Survey for Health and Development 

(NSHD) and included 152 who had blood samples. Age at baseline was 53 years and follow-up was 

performed at age 60-64 years. Baseline epigenetic age acceleration was significantly associated 

with a greater decrease in grip strength from baseline to follow-up (0.42kg decrease in grip strength 

per year increase in age acceleration, 95% CI 0.82kg; p=0.03) though this was not then 

demonstrated in replicate work in The Avon Longitudinal Study of Parents and Children (ALSPAC) 

cohort. No associations were observed with standing balance time or chair rise speed. 

HorvathAge acceleration was investigated in 48 monozygotic twins in Finland with the finding that 

an increase in Horvath age acceleration was associated with a reduction in grip strength (β= -5.3, 

SE 1.9, p=0.01), though no association was observed with knee extension or 10m gait speed142. 

Since the above studies140-142 which focused on the first-generation epigenetic clocks, further 

studies have been performed to examine the second-generation iterations, which appear to show 

stronger associations with the ageing muscle phenotype. 

McCrory and colleagues found significant associations between GrimAge acceleration and grip 

strength and gait speed in 490 community-dwelling older adults who were part of The Irish 

Longitudinal Study of Ageing (TILDA)143. Maddock and colleagues found significant associations for 

GrimAge and PhenoAge in a meta-analysis of studies including the National Survey for Health and 

Disease (NSHD) over 13 years of follow-up144 

Although a few associations have been established with grip strength, none of the associations with 

muscle outcomes have been particularly strong. It is pertinent, therefore, that Horvath has recently 

co-authored a paper which reports the development (using elastic net regression) of a clock to 

provide a biological age of human skeletal muscle tissue145. Whereas the original Horvath clock 

contained 353 CpG sites, this new muscle clock is composed of 200 CpG sites (16 of which overlap 

with the original clock). This suggests that there may be utility in more ‘tissue-specific’ clock 

development (using bone tissue) and (as bone tissue collection is outside the purview of the current 

project) in whole blood biomarkers correlated to musculoskeletal outcomes. 

It is also relevant that no studies to date have reported associations between epigenetic age 

acceleration and bone outcomes, especially as a recent study has demonstrated that CpG 

methylation in peripheral blood monocytes has a causative effect (as established by Mendelian 



 

25 

 

Randomisation) Mendelian randomisation is a technique used in observational epidemiology which 

employs genetic information as a proxy (or instrumental variable) for non-genetic information 

which allows testing for causal effects in the presence of confounding on BMD measured in 118 

Caucasian women (with extremes of bone mineral density) 146. One study in 32 individuals with 

osteoporosis and 16 controls found no association between bone parameters and HorvathAge 

acceleration147. This may be due to a lack of power or the use of a first-generation rather than 

second-generation epigenetic clock. 

In our study we examined the associations between 10- and 17-year musculoskeletal outcomes 

(including grip strength, gait speed, DXA-measured bone mineral density (at the hip, femur and 

lumbar spine), bone microarchitecture and body composition) and age acceleration variable 

acquired from each of these epigenetic clocks (Horvath, GrimAge and PhenoAge). 

 

1.5.6 Musculoskeletal EWAS 

The process of literature review for this section is described in section 1.3. 

1.5.6.1 Bone mineral density 

Epigenome-wide association studies have been performed in various tissues examining 

relationships with osteoporosis and fracture. Some studies have focussed on the methylation 

profile of femoral head tissue collected from hip fractures compared to hip replacements. One 

particular paper identified differential methylation of the HOX genes on 27k methylation array148. 

An alternative approach was taken by Reppe and colleagues 149, examining associations between 

osteoporosis and methylation (via 450k array) at 2529 CpG sites in 100 genes previously identified 

to be associated with bone mineral density in post-menopausal women 149,150. In 84 

postmenopausal women, CpG methylation at 63 sites differed significantly between osteoporotic 

and non-osteoporotic post-menopausal women at a 10% FDR. These included CpG sites within the 

tenascin XB gene (a protein which supports the structure and maintenance of bone, muscle and 

connective tissues), glycogen synthase 1 in muscle. Five of these CpG sites at a 5% FDR level 

explaining 14% of the BMD variation including Matrix Extracellular Phosphoglycoprotein (MEPE, 

responsible for phosphate uptake and bone mineralisation), Sclerostin (SOST), Wnt Inhibitory factor 

1 (WIF1) and Dickkopf Wnt Signalling pathway inhibitor 1 (DKK1), the latter 3 all being Wnt pathway 

inhibitors.  



Cheishvili and colleagues compared of 22 osteoporotic postmenopausal women against 22 non-

osteoporotic controls and found 1233 differentially methylated CpG sites (using 450k array) with 

an FDR of 5% in peripheral blood leukocytes. They then subdivided the osteoporotic group into 

early and advanced osteoporosis (using a T-score threshold of ≥3.0 for advanced disease) and 

selected a panel of 5 of the most significantly associated, biologically plausible genes to create a 

polygenic risk score to predict the development of early osteoporosis151. Interestingly the panel of 

genes included Programmed Cell Death Protein 1 (PDCD1), which plays a role in T- and B- cell 

regulation. 

A study investigating the differential methylation of human mesenchymal stem cells acquired from 

the femoral neck of those undergoing hip replacement for hip fracture and those undergoing hip 

replacement for osteoarthritis found differential methylation in gene pathways enriched for human 

mesenchymal stem cell growth and osteoblast differentiation152. However, it should be recognised 

that differential methylation signatures in bone tissue which has recently fractured may be 

influenced by the trauma itself and not be purely representative of the osteoporotic disease 

process. 

A large, collaborative EWAS of peripheral blood leukocyte methylation and BMD, including a 4616 

individual discovery dataset identified one CpG site, cg23196985, associated with BMD in females. 

However, this association was not reproduced in the 901 individual validation dataset153. 

1.5.6.2 Grip strength 

Compared to bone mineral density, there is a relative paucity of grip strength epigenome-wide 

association studies. Soerensen and colleagues investigated associations between grip strength and 

differentially methylated CpG sites in blood samples from a cohort of 672 twins from the Study of 

Middle Aged Danish Twins (MADT) and the Longitudinal Study of Aging Danish Twins (LSADT)154.  

They found that no CpG sites met statistical significance (adjusted for sex, age, height, cell 

composition); however, two CpG sites associated with COL6A1 and CACNA1B genes respectively 

were suggestive of association and downstream pathway enrichment analysis implicated a role of 

the immune system. Two further EWAS studies of grip strength have demonstrated no significant 

associations; one in 172 female twins155 and the other in the Lothian Birth Cohort140.  

In our study we examined the epigenome-wide associations between methylation at CpG sites and 

maximum grip strength and total femoral neck (which are available cross-sectionally). Future work 

will include examination of bone microarchitecture epigenome-wide association. 

  



 

27 

 

 

1.6 Aims and purpose 

Using data collected on Hertfordshire Cohort Study (HCS) participants the following aims will be 

addressed: 

• To describe the longitudinal change in bone microarchitecture, grip strength and femoral 

neck bone mineral density, in a cohort of community-dwelling older adults in the United 

Kingdom, and investigate their relationship with fracture, and the relationship between 

bone microarchitecture and genetic loci related to bone health. 

• To investigate the association between baseline epigenetic age acceleration and 

musculoskeletal outcomes 

• To identify novel epigenetic patterns and individual epigenetic marks which are associated 

with key musculoskeletal indices of grip strength and hip bone mineral density through 

Epigenome-wide Association Study (EWAS). 

 

 

 

1.7 Potential outcomes and wider impact 

The robust description of the landscape of musculoskeletal ageing is necessary if the impacts of 

interventions are to be accurately evaluated. This includes the phenotyping of bone 

microarchitecture changes with age and assessment of the key parameters of musculoskeletal 

ageing: grip strength and bone mineral density. 

In the search for effective biomarkers of musculoskeletal ageing, epigenetic clocks, with their 

potential to measure biological ageing, demand examination. We hope that the outcome of the 

analyses presented in this thesis will might help to determine the extent to which epigenetic age 

can be used to predict future musculoskeletal outcomes. Clinically, this could be extremely useful 

to identify at-risk individuals earlier in the lifecourse and allow for earlier intervention leading to 

significantly improved outcomes. In the era of personalized medicine this could be a biomarker 

used in primary care and health checks, to identify at-risk individuals who are likely to benefit most 

from intervention. 



Scientifically, the in-depth exploration of biological DNA methylation ageing in the musculoskeletal 

system may identify commonalities with other age-related diseases. Furthermore, the 

identification of specific blood-derived CpG sites, which are associated with bone and muscle 

outcomes, could provide integrative knowledge with respect to multisystem inflammatory and 

other disease-related co-morbidities, could generate hypotheses for future research and could 

ultimately assist with identifying novel therapeutic strategies for musculoskeletal ageing. 
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Chapter 2 Methods 

The methods employed in this doctoral thesis are set out in detail below. 

The study was sited in the Hertfordshire Cohort Study, a group of community-dwelling older adults 

who have undergone extensive phenotyping over the last (approximately) 20 years. Phenotyping 

visits were performed at baseline (1998-2004), EPOSA (2011-12) and HBS17 (2017) and 

phenotyping data collected in these passes, together with DNA methylation arrays of bloods taken 

at baseline, were used to answer the specific aims of this project. 

In order to describe the longitudinal change in bone microarchitecture, grip strength and femoral 

neck BMD, measurements taken from HR-pQCT, grip dynamometry and femoral neck DXA (the first 

of the stated Aims) respectively were used at EPOSA (2011-12) and HBS17 (2017) follow-up. The 

relationship between these parameters and fracture history was examined. 

In order to investigate the association between baseline epigenetic age acceleration and 

musculoskeletal outcomes (the second of the stated Aims) epigenetic clocks (and thence epigenetic 

age acceleration) were calculated from DNA methylation array data acquired from baseline (1998-

2004) bloods. Cross-sectional associations (based on musculoskeletal phenotype at baseline (1998-

2004) and longitudinal associations (based on musculoskeletal phenotype at EPOSA (2011-12) and 

HBS17 (2017)) between baseline epigenetic age acceleration and grip strength, gait speed, DXA 

bone mineral density, bone microarchitecture and elements of body composition. 

In order to investigate the epigenome-wide (DNA methylation) associations for cross-sectional grip 

strength and BMD at the femoral neck (the third of the stated Aims), DNA methylation array data 

on blood samples from baseline (1998-2004) were used and examined for relationships with grip 

dynamometry and DXA-measured BMD, also at baseline (1998-2004). 

 

2.1 Hertfordshire Cohort Study  

This study is sited in a community dwelling cohort of older adults, the Hertfordshire Cohort Study. 

The origin of this cohort is described below. A detailed exposition of the cohort is presented in the 

recent cohort summary paper, ‘The Hertfordshire Cohort Study: an overview’156. In brief, due to 

concerns over the health of the British public, in 1911, birth and early life information was collected 

in Hertfordshire with the aim of using the collected data to improve paediatric health. These data 



were collated by local midwives and health visitors under the direction of Ethel Margaret Burnside, 

the ‘Lady Director of the Midwives and Chief Health Visitor’ in the county at the time. 

The information collected included the weight at birth, whether the child was breast-fed or bottle-

fed, childhood conditions and the weight at 1 year, and was transcribed into ledgers which were 

stored in the council buildings. Births were recorded until 1948, though the data collection was 

potentially affected by the advent of the Second World War. 

The ledgers were discovered by researchers from the forerunner to the MRC Lifecourse 

Epidemiology Unit, who aimed to study the developmental origins of health and disease, and 

focused on the cohort born between 1931-1939. There were 42,974 births recorded during this 

period, including 39,764 live births (thus, non-live births were excluded). Of those, deaths during 

childhood, records with missing information (e.g. birth weight or weight at 1 year), or with 

insufficient tracing information were excluded and tracing through the National Health Service 

Central Registry was attempted for 24,130 and was successful for 21,063. Of these,8,650 were 

found to be still living in the county and 7,113 were registered with a Hertfordshire General Practice 

surgery156. Letters of invitation were sent to General Practitioners, to acquire permission to contact 

the potential participants, and this led to 6,099 being invited to participate. Of these 3,225 (53%) 

agreed to take part and 2,997 were visited. Those in the East Hertfordshire area were identified for 

specialist musculoskeletal phenotyping (1,482 visited at home), and of these, 966 attended the 

baseline clinic as can be seen in Figure 6. From this point on, the focus was on collecting long-term 

longitudinal data and all participants who attended a phenotyping pass of the cohort were invited 

for the following pass. Participants were unable to attend due to illness or undisclosed reasons were 

noted to have withdrawn from the study for face to face visits though mortality data is still being 

collected for all cohort members. 

The first research clinic visits included assessment through lifestyle questionnaires, physical 

performance measures, grip strength, dual X-ray absorptiometry for bone mineral density and 

phlebotomy. These blood samples were processed, DNA extracted and stored at -80°C. It is these 

samples which underwent DNA methylation array analysis as part of the current study.  

In 2011-12, 444 participants agreed to take part in the European Project on OsteoArthritis (EPOSA) 

study, which included osteoarthritis assessments, as well as physical performance, grip strength 

and repeat lifestyle questionnaires. Bone parameters were also assessed in 376 of these 

participants as part of the Hertfordshire Bone Study, using DXA, peripheral quantitative computed 

tomography (pQCT) and High Resolution-pQCT (HR-pQCT). 

In 2017, together with a research team, I repeated these phenotyping measurements on 217 of the 

Hertfordshire Bone Study participants. The figure below (Figure 6) depicts the development of the 

cohort and Figure 7 shows the timeline of the measures relevant to this thesis.  
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Figure 6: Flow diagram of study participant structure of the Hertfordshire Cohort Study.  

Passes of the cohort relevant to this study are highlighted in orange. 

 

  



 

Figure 7: Timeline depicting the timings of follow-up visits and methylation samples, 

questionnaire data and musculoskeletal measures 

 

2.2 Procedures 

The procedures which are relevant to the current thesis are described below. All procedures were 

carried out by trained fieldworkers and researchers. HCS baseline research visits were carried out 

in Hertfordshire and the EPOSA (2011-12) and HBS17 (2017) follow-up visits were completed at the 

Elsie Widdowson Laboratory in Cambridge. 

2.2.1 Height and weight measurements 

These measurements were performed at HCS baseline (1998-2004), EPOSA (2011-12) and by me as 

part of a team at HBS17 (2017). 

Height was measured using a wall-mounted stadiometer.  The subject was asked to remove their 

shoes and stand on the floor with their back to the wall.  They were asked to stand as tall and straight 

as possible (to avoid lordosis) with their feet together. The wall-mounted head plate was lowered and 

placed on the top of the subject's scalp with the participant’s head in the Frankfurt Plane (a theoretical, 

horizontal line running from the external auditory meatus to the lower border of the orbit).  

When measuring weight, the scales were zeroed and shoes, heavy items in pockets and jewellery were 

removed prior to weighing.   
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Height, weight and body mass index (BMI) were used in our analyses. 

2.2.2 Gait speed 

An 8-foot walking course was marked out using a tape measure.  Participants were asked to “Walk 

to the other line at the end, at your usual walking pace, as if you were walking to the shops.”  

Participants were allowed to use assistive devices if required.  The timer was started on the “Go” 

of “One, two, three, Go” and stopped as the participant passed through the finish line. This was 

measured at the HCS baseline (1998-2004), EPOSA (2011-12) and by me as part of a team at HBS17 

(2017) research clinics. 

2.2.3 JAMAR Grip Strength Dynamometry 

Whilst seated in a chair the participants were asked to position their elbows at right angles and 

their wrists in a neutral position with their hands gripping the dynamometer comfortably. The 

dynamometer was adjusted for size if necessary and the participant was encouraged to squeeze 

the instrument “as hard as possible” and the result recorded to the nearest 1kg.  The grip strength 

of the right and left hands  was measured alternately, three times on each side. This was measured 

at the HCS baseline (1998-2004), EPOSA (2011-12) and by me as part of a team at HBS17 (2017) 

research clinics. 

2.2.4 Questionnaires 

Participants took part in a researcher-administered questionnaire at each visit (including those 

performed for HBS17 at which I was part of the field-work team) which included information on: 

medical history, medication history, fracture history, activities of daily living, smoking and detailed 

alcohol intake, social set-up and history, nutrition via a food frequency questionnaire (including 

dietary calcium) and measures of physical activity were assessed using an established 

questionnaire157. Fracture history was assessed by the following question, “Have you sustained a 

fracture since the age of 45 years old?”. The answer to this question at the EPOSA (2011-12) follow-

up was used for analyses in this thesis. Bisphosphonate usage was captured via questionnaire at 

each timepoint (baseline, EPOSA, HBS17).  

The participant information leaflet, consent form, ethical approval, study questionnaires and 

physical performance data collection sheets from HBS17 are included in the appendices (Appendix 

2, Appendix 3, Appendix 4, Appendix 5) 



2.2.5 Dual X-ray absorptiometry 

The procedure was explained prior to the commencement of scanning and communication 

continued during the scan. The participants were asked to keep still and not to talk during the scan 

to minimize movement artefact. 

A dressing gown was provided and any clothing containing metal removed together with metal 

jewellery, glasses or any object which could cause artefact via attenuation of the X-ray beam.  The 

participant was asked to lie on the scanner bed within a white rectangle marked on the mattress 

(which indicated the margins, or outer limits, of the scan area). 

The same methods were used at HCS baseline (1998-2004), EPOSA (2011-12) and HBS17 (2017). I 

was part of the fieldwork team performing this scan at HBS17. 

2.2.5.1 Whole body scan 

Whole body scans, providing measures of body composition (including lean mass and fat mass) 

were measured at EPOSA (2011-12) and HBS17 (2017) follow-up visits, but not at HCS baseline 

where bone images only were collected.  

The legs were strapped together to ensure that positioning was optimal with the legs straight and 

toes pointed inwards. This prevents overlap of the skeleton in the final scan. The hands were 

positioned palm down on the bed on either side of the body ensuring that, if possible, the whole 

body lay within the white triangle markings of the scan margin.  If the arms could not be placed 

inside the white rectangle then the participant was requested to hold them flat against the body 

with the lateral border of the little finger against the bed and the palms facing inwards against the 

lateral aspect of the thighs (Photograph 1). 

2.2.5.2 Femur scan 

For scans of the femur, the hips were internally rotated and the feet strapped to a foot brace.  The 

scanning arm was positioned so that a red cross marker was overlying the hip and once in the 

correct position the hip region was scanned.  If the position was found to be incorrect during the 

scan, the procedure was halted, the patient repositioned and the femur re-scanned. 

This process was then repeated on the contralateral side. It should be noted that hips which had 

undergone surgical replacement were excluded from femur DXA assessment. 

2.2.5.3 Lateral spine scan 

At the EPOSA (2011-12) follow-up visit lateral spine DXA was performed with the participant lying 

in the left lateral position in order to identify vertebral fractures. These fractures were defined as 

‘previous fractures’ in downstream analysis. 
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2.2.5.4 DXA scanner 

It should be noted that the HCS baseline scans (1998-2004) were performed using a QDR 4500 

densitometer (Hologic®), the EPOSA DXA scans in 2011-12 were performed using a Lunar Prodigy 

DXA scanner (GE Healthcare) and scans at HBS17 were performed using a Lunar iDXA (GE 

Healthcare). Hologic and GE Healthcare modalities have been previously compared and precision 

errors were found to be low158. A previous review of the correlation between the two GE Healthcare 

modalities noted that, although the majority of parameters were similar and highly correlated, 

there were small but significant differences in regional bone estimates, fat mass in the arms, lean 

total mass and percentage fat in the arms and legs in a cohort or approximately 90 adults aged 20-

74 years 159. 

 

Photograph 1: A Hertfordshire Cohort participant undergoing a whole-body DXA in 2017 

2.2.6 High resolution peripheral quantitative computed tomography (HR-pQCT) 

2.2.6.1 HR-pQCT preparation 

The same instrument was used at EPOSA and HBS17 visits (XtremeCT, Scanco Medical). HR-pQCT 

measurements were made at the non-dominant distal radius and tibia unless contra-indicated due 

to a previous fracture. The height and position of the chair were adjusted to ensure the maximal 



comfort of the participant and, once again, participants were politely asked to remain, “as still as 

possible”, and not to talk during the procedure in order to prevent movement artefact. 

Scans were performed according to the manufacturer’s guidance 160. 

The methods for this piece of apparatus were the same at EPOSA (2011-12) and HBS17 (2017) and 

I was part of the fieldwork team performing this scan at HBS17. 

 

 

Photograph 2: A Hertfordshire Cohort participant undergoing a radial HR-pQCT in 2017 

 

2.2.6.2 Tibial HR-pQCT 

A cast was placed on the lower limb and foam moulds were placed around to ensure a comfortable 

and snug fit and the leg placed within the gantry of the scanner. Once in position the gantry was 

closed and chair wheels were locked into place in order to reduce movement artefact. 

A ‘scout view’ scan was performed to allow a reference line to be set along the tibial plateau in 

2011-12 scans or set along the 2011-12 reference line in the 2017 scans (to ensure the same region 

was scanned at both time points). Scanning time was approximately 3 minutes. 
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2.2.6.3 Radial HR-pQCT 

Similar to the tibial scan, the forearm was placed within a cast and foam used to ensure a good fit. 

The arm was extended and placed into the gantry of the scanner with chair wheels locked into place 

(Photograph 2). 

A scout view was performed one third to half-way along the radial end plate in 2011-12 or along 

the 2011-12 reference line for scans performed in 2017 (again, to ensure that the same region was 

scanned at both time points). Again, scanning time was approximately 3 minutes. 

2.2.6.4 Motion artefact 

Scans were performed and reviewed immediately afterwards. If motion artefact was identified (e.g. 

by streaking or distortion of the image) the scan was repeated one further time. 

2.2.6.5 Scan image analyses 

A length of 9mm was scanned with 110 slices and 750 projections were performed across 180°. 

Scans image analyses was commenced according to manufacturer’s protocol, followed by 

segmentation (a line being drawn around the outline of the bony cortex) to assist with identification 

of bony margins. Density was assessed compared to phantom cylinders (composed of resin and 

hydroxyapatite) which had been scanned at the beginning of each study day, and values ascertained 

for trabecular and cortical microarchitecture outcomes. 

Using previously described methods (in which scans are manually graded for image quality on a 

five-point scale) 161, scans exhibiting substantial motion artefact despite the efforts described above 

(chair locking etc.) were excluded from analyses but all other scans of sufficient quality were 

included. Manufacturer standard evaluation and cortical porosity scripts were used for image 

analysis 64,69,83,162-164 and extended cortical analysis was performed for all scans 165.  

Overlap between EPOSA and HBS17 HR-pQCT scans was established via the Scanco Medical ‘slice-

match method’ and comparison for scans was not performed if the overlap was less than 75%166 

(values were therefore set to missing for 7 scans at the radius and 2 scans at the tibia). Median 

overlap between the scans included in the analyses was 93% (lower quartile=87%, upper 

quartile=96%) for the radius and 95% (lower quartile=92%, upper quartile=97%) for the tibia. Short 

term precision values for cortical and trabecular BMD have been previously demonstrated to range 

between 0.3 to 1.2 (percentage root mean squared coefficient of variation) 167. 



These analyses were performed with Dr Gregorio Bevilacqua under the supervision of Professor 

Kate Ward. 

2.2.7 Peripheral quantitative Computed Tomography (pQCT) 

At the EPOSA (2011-12) follow-up pQCT scans of the tibia were performed using a Stratec 2000XL 

instrument, version 6.00. The non-dominant leg was scanned (provided that it had not previously 

sustained a fracture) following initial scout views to identify the cortical endplate reference point 

as an established landmark. Slices of scans were taken at the 4%, 14% and 38% positions. Cortical 

thickness was the only parameter used in our analyses. These scans were performed by researchers 

from the University of Southampton and the University of Cambridge. 

 

2.3 Genetic analyses for bone microarchitecture 

2.5 SNP genotyping 

Single Nucleotide Polymorphism (SNP) genotyping was previously carried out by colleagues at the 

Genetic laboratory of the Department of Internal Medicine (Population Genomics) at Erasmus 

Medical Center in Rotterdam using the Infinium Global Screening Array (v1). Raw .idat files had 

been uploaded to Illumina Genome Studio 2.0.0 and analysed using genotyping Module 2.0.0. Data 

were processed using Illumina hard cut-off technical specifications 168. The packages bcftools and 

PLINK 1.9 beta 169 were used to prepare the quality assured genotype data for imputation according 

to Sangerspecifications. Data were uploaded in Variant Call Format (a bioinformatic text file) to 

Sanger servers, pre-phased using the EAGLE2 pipeline and imputed using UK10K + 1000 Genome 

Phase 3 170 (comprehensive descriptions of common genetic variation acquired via whole genome 

sequencing). This was performed by Dr Phillip Titcombe (statistician). 

2.5 Choice of SNPs for analyses 

A genome-wide meta-analysis performed by Estrada and colleagues identified 64 SNPs that were 

associated with DXA bone mineral density (at the femoral neck or lumbar spine) or associated with 

fracture 171. In total, 61 of these 64 SNPs were available in the HCS and were examined in relation 

to femoral neck and lumbar spine BMD at HCS commencement (1998-2004). The following loci 

were associated with both femoral neck and lumbar spine BMD in HCS and so were used in analyses 

of bone microarchitecture: rs1053051 (TMEM263); rs7812088 (ABCF2); rs10226308 (TXNDC3); and 

rs3801387 (WNT16). 
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2.4 Epigenetic preparation and analyses 

2.4.1 Overview of epigenetic methods 

The microarrays used in this project include the Illumina Human Methylation 450K array and the 

Illumina Human Methylation 850K (EPIC) array. These are both two-colour arrays, with red and 

green channels, which establish the level of cytosine methylation at approximately 450,000 and 

850,000 loci across the genome respectively. 

They use bisulphite converted DNA, which differentiates methylated from unmethylated cytosine 

through a process of converting unmethylated cytosines to uracil. In this project we utilised DNA 

from peripheral blood leukocytes. 

The bisulphite converted DNA initially undergoes whole genome amplification, fragmentation (by 

which the DNA is cleaved to an optimal length of 300-600 base pairs) and hybridization, whereby 

the DNA attaches to the probes on the array via allele-specific annealing. 

Methylation arrays contain 12 samples per chip and are composed of microwells which contain 

3micron beads. These beads are coated with allele-specific, ~50 base pair oligonucleotides, one 

bead corresponding to the methylated cytosine locus and the other bead corresponding to the 

unmethylated cytosine (bisulphite converted to uracil) locus. After allele-specific annealing the 

fragments undergo single-base extension using hapten-labeled dideoxynucleotides including 

dideoxycytosine triphosphate (ddCTP) and dd-guanine-TP (ddGTP) labelled with biotin and dd-

uracil-TP (ddUTP) and dd-adenosine-TP (ddATP) labelled with 2,4-dinitrophenol. After staining, the 

chips are scanned with fluorescence intensity measured on a scale from 0 to 1. 

At each cytosine locus two intensity signals are measured; the amount of methylated DNA, and the 

amount of unmethylated DNA. The intensities then undergo a process of quantile normalisation 

(whereby the quantiles of different measures are aligned) which is applied to the methylated and 

unmethylated intensities separately, and, for probes on the sex chromosomes, applied separately 

to males and females in the dataset. 

The β-value or methylation ratio is then calculated as methylated DNA/(unmethylated DNA + 

methylated DNA) and quality control can then be performed. It is important to remove low-quality 

samples that cannot be corrected by normalisation as this improves the down-stream result172. 



The sex of a sample can be predicted by using copy number information from the X and Y 

chromosomes to produce an ‘XY difference’ which is used to identify sex mismatches and sex 

outliers. 

Median methylation and unmethylation for each array is then plotted to identify methylation 

outliers; which are either significantly hypomethylated or hypermethylated indicating a low quality 

of the sample or array data for that sample. 

To evaluate elements of the array process a number of control probes are included on the chips to 

examine staining (measuring the efficiency of the staining step of the array), extension (measuring 

the efficiency of extension of A,U,G or C nucleotides), hybridization (assessed using synthetic 

targets as opposed to the amplified sample DNA) and bisulphate conversion (testing methylation 

at a site which is known to be methylated).  

Sample quality is also assessed via the proportion of probes which are bound per sample with 

samples bound to less than 1% of the total number of probes excluded. The quality of the chip for 

the sample is also inspected with those samples with a high proportion of wells with less than 3 

beads being excluded. 

Probe quality is assessed for bead number (as described above for sample quality) and for 

methylation signal, with those probes with a high proportion of background signal measurement 

adjudged to have failed to reach the necessary quality standard to be included in down-stream 

analysis. 

Other probe exclusions include; cross-reacting to multiple sites on the genome, probes binding to 

non-CpG sites, probes affected by common SNPs and probes on sex chromosomes. Other sample 

exclusions include those with low mean absolute deviation (MAD) scores. 

Houseman’s method is a bioinformatic technique for predicting the proportion of different 

leukocytes in a blood sample. This is used to establish a cellular population which can be used as a 

covariate in down-stream, epigenome-wide analyses. 

After normalisation and quality control is complete, the resulting dataset of β-values can be used 

to examine the relationships between a predictor (methylation level at a CpG site) and an outcome, 

in this case grip strength and total femoral neck BMD. 

The limma package was used in these analyses which, for a given outcome, fits a linear model to 

the methylation level for each CpG site (corresponding to a probe on the array)173. Beyond this 

simple linear regression, limma uses statistical algorithms to enhance differential expression 

analyses through quantitative weighting and information borrowing as described below173: 
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Quantitative weighting - limma uses a ‘robust’ (rather than ‘least squares’) regression model which 

performs a residual analysis and down-weights, or even removes, outlying (and therefore less-

reliable) samples.  

Information borrowing - Gene-expression studies have some elements which run in parallel. For 

example, strong correlations existing between methylation at different loci, and strong correlations 

between overall methylation levels within individual samples. Limma uses a specialised statistical 

technique (parametric empirical Bayes) to borrow this information, allowing the residual variance 

of each CpG site linear model to be moderated accordingly. This results in enhanced reliability of 

the inferences made, particularly from studies with smaller sample sizes. 

2.4.2 450k Methylation arrays 

The methylation arrays were performed as part of the ‘EURHealthAging’ collaboration. This was a 

European consortium which was established with the aim of investigating the relationship between 

early development and longevity (and aging). The arrays were performed externally and the 

methods used are described below. 

Genome-wide DNA methylation levels were measured using Illumina Human Methylation 450K 

array (Illumina) which enables the simultaneous quantitative measurement of the methylation 

status at 485,577 CpG sites 174. In two batches, 500ng samples of DNA (per participant) were 

bisulphite converted using the Zymo EZ-96 DNA-methylation kit (Zymo© Research, Irvine, CA, USA). 

Samples were then hybridized to the arrays according to the manufacturer’s specification.  

2.4.3 EPIC (850k) Methylation arrays 

Epigenetic analyses were performed in collaboration with the Institute of Developmental Sciences 

(University of Southampton) with all laboratory preparation performed by Dr Nikki Graham. 

Baseline (1998-2004) samples of whole blood leukocyte DNA samples were removed from -80°C 

storage and the amount of DNA was assessed using Qubit. Samples of 50µl at a concentration of 

20ng/ µl were loaded onto a 96 well-plate and shipped to the University of British Columbia for 

methylation array analyses. 

Genome-wide DNA methylation profiles were assessed by Illumina Infinium 

HumanMethylationEPIC BeadChip 850k methylation array175. Whole blood leukocyte genomic DNA 

were bisulphite converted (by which process unmethylated cytosines are converted to uracil) using 

Zymo DNA Methylation-Gold Kit (©Zymo Research Corp., USA), denatured, amplified and 



fragmented before being hybridized to the chip arrays. Primer extension, staining, coating and 

finally imaging with the Illumina BeadArray reader were performed. 

2.4.4 Quality Control of array data 

I performed quality controlsperformed for the 450k array using R version 3.5.1/3.6.1 and R 

packages including BiocManager, SmartSVA, Illuminaio, limma, DNAcopy, preprocessCore, devtools, 

knitr, markdown, champ minfi and meffil. Using Meffil176 and minfi177, the .idat files were used to 

produce a sample sheet and perform background correction, dye bias correction, sex prediction 

and cell count estimates using the Houseman method178. Each sample was then normalised to the 

cell type reference dataset. I produced a quality control report at this stage. 

2.4.4.1 Quality control report for 450k array 

Sex mismatches: In order to separate males from females, the difference between the total median 

intensities for probes known to lie on the X and Y chromosomes (XY difference) are used. Sex 

mismatches are defined as those in which the predicted sex using the median intensities method 

above do not match the sex as documented in the phenotyping file177. Sex outliers are those 

individuals for whom the XY difference is greater than 0.1 or less than -0.1. As can be seen in Figure 

8, there were no sex mismatches and no sex detection outliers.  
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Figure 8: This plot depicts the difference between median X and Y chromosome 

intensities in the 450k array. Dashed lines represent 5 standard deviations from the 

mean XY difference. Females should appear within the left cluster and males in the 

right cluster. As can be seen there are no mismatches and no sex difference outliers. 

 

Methylated vs unmethylated: In order to examine the quality of the samples it is necessary to 

compare the median methylation intensity to the median unmethylation intensity. Outliers are 

defined as those beyond 3 standard deviations of the expected (according to regression). There was 

1 outlier for this comparison, as seen in red in the Figure 9 below. 



 

Figure 9: Plot demonstrating the methylation intensity signals in the 450k array against 

unmethylation intensity signals.  

The outlier is coloured red. The red dashed line represents 3 standard deviations 

from the expected (according to regression). 

 

Control probes: The 450k array contains control probes which can be used to evaluate elements of 

sample processing including staining (measuring the efficiency of the staining step of the array), 

extension (measuring the efficiency of extension of A,U,G or C dideoxynucleotides), hybridization 

(assessed using synthetic targets as opposed to the amplified sample DNA) and bisulphate 

conversion (testing methylation at a site which is known to be methylated). Control probes are 

therefore internal controls for the process of DNA methylation array and samples failing these 

controls are excluded, however, there were no outliers in this respect. 
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Sample detection and bead number: Sample detection is used to identify inadequate samples in 

which the fraction of probes which are detected in less than 1% of the total probes. There were no 

samples with a high proportion of undetected probes, indicating good sample quality. No samples 

reached the threshold for a high proportion of probes with a low bead number (defined as less than 

3 beads). 

CpG detection p-values and Low bead number per CpG: To explore the quality of the probes the 

proportion of samples that did not pass the detection p-value was calculated. There were 256 

probes with only background signal in a high proportion of samples. Additionally, 233 CpG sites had 

a low bead number in a high proportion of samples. 

Estimates of cellular composition: the proportional leukocyte constituents of the samples were 

assessed using Houseman’s method (a bioinformatic technique which uses DNA methylation 

signatures to predict the white blood cell proportions in a sample of blood)178. 

As a result of the above one sample was removed, leaving 99 samples for further analyses as shown 

in Figure 10. 

 

Figure 10: Schematic demonstrating the quality control process and exclusion of samples from the 

450k dataset 

2.4.4.2 Quality control report for 850k array 

I performed quality control for the 850k (EPIC) arrays on 356 samples (which included 11 replicates). 

N=100

Sex mismatches 
and outliers

• 0 significant 
outliers

Methylation/

unmethylation 
outliers

• 1 significant 
outlier

Sample 
detection and 
bead number

• 0 significant 
outliers

N=99



Sex mismatches: As can be seen in Table 2 and Figure 11 below, there were no sex mismatches and 

7 sex detection outliers, 3 of which were excluded (samples 965011, 865547 and 866191) as their 

XY difference was >0.1 or <-0.1. 

Methylated vs unmethylated: There was 1 outlier for this comparison, as seen in Figure 12 (sample 

17605C). 

 

 

Table 2: Sample name and XY difference for the 7 sex detection outliers. 

  

Sample name Predicted sex Declared sex XY 

difference

965011 F F -4.85

865379 M M 0.07

1345422C M M 0.07

855027 M M 0.09

1345422 M M 0.09

865547 M M 0.11

866191 M M 0.51
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Figure 11: Plot depicting the difference between median X and Y chromosome intensities in the 

850k array.  

Dashed lines represent 3 standard deviations from the mean XY difference. Females 

should appear within the left cluster and males in the right cluster. As can be seen 

there were no mismatches and 7 sex difference outliers. 

 

  



 

Figure 12: Plot demonstrating the methylation intensity signals in the 850k array against 

unmethylation intensity signals.  

The outlier is the red-coloured dot. The red dashed line represents 3 standard 

deviations from the expected (according to regression). 

 

Control probes: The 850k array contains control probes which can be used to evaluate elements of 

sample processing including staining (measuring the efficiency of the staining step of the array), 

extension (measuring the efficiency of extension of A,U,G or C dideoxynucleotides), hybridization 

(assessed using synthetic targets as opposed to the amplified sample DNA) and bisulphate 

conversion (testing methylation at a site which is known to be methylated). Control probes are 

therefore internal controls for the process of DNA methylation array and samples failing these 

controls are excluded. There was one outlier in this respect (sample 866146). 

Sample detection and bead number: There were no samples with a high proportion of undetected 

probes, indicating good sample quality. No samples reached the threshold for a high proportion of 

probes with a low bead number. 
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CpG probe Quality Control: This process seeks to exclude probes from the EPIC (850k array) which 

have been experimentally shown to be suboptimal for the measurement of epigenome-wide 

methylation. The following elements were excluded from the analysis: probes with a detection p-

value >0.01 in at least one sample (this was the case for n=13,259 probes), probes with less than 3 

beads in at least 5% of samples (n= 5928 probes), multi-hit probes (or cross-hybridizing probes) as 

identified in Nordlund and colleagues (n=49)179 which are known to bind to more than one site 

across the genome, non-CpG probes (n=2766), probes affected by SNPs as identified by Zhou and 

colleagues (n=94,136)180,  probes on the X or Y chromosome (n= 16,349)  and previously identified 

cross-reactive probes from the EPIC array (n=43,000) 175.  Thus, a total of 733,638 probes were used 

for downstream analysis.  

Technical variation: This refers to batch effects and systematic variation in the dataset which is 

introduced, for example, by different technicians181. Some technical variation was detected using 

singular value decomposition analysis (via champ package182) and thus COMBAT (an adjustment for 

batch effects where the batch covariate is known) was applied to account for variation between 

slides183.   

Mean absolute deviation (MAD) scores184: This score uses the mean absolute deviation of CpG 

methylation levels for each probe on the array across all individuals. If the score is positive it 

indicates that the sample sits within a cluster and is therefore not an outlier, however, if the MAD 

score is less than a -5 threshold, the sample is defined as an outlier and is excluded. Sample MAD 

scores were calculated with 9 outliers identified (see Table 3 below). MAD scores were also used 

to exclude replicates, with the replicate with the lowest MAD score being excluded. 

 

Sample MAD score

176028 -5.53

176057C -5.45

176184 -5.67

785040 -7.06

795028 -9.21

855072 -40.85

935487 -9.97

1347102 -6.47

1407727 -5.37



Table 3: Lowest (most extreme) mean absolute deviation scores for methylation and 

corresponding samples.  

The last character of ‘C’ indicates a replicate sample. 

 

Estimates of cellular composition: the proportional leukocyte constituents of the samples were 

assessed using Houseman’s method (a bioinformatic technique which uses DNA methylation 

signatures to predict the white blood cell proportions in a sample of blood)178. 

Final dataset: The final 850k methylation dataset (excluded 22 participants and) was therefore 

comprised of a total of 334 participants (with the process depicted in Figure 13) 

 

 

Figure 13: Schematic demonstrating the quality control process and exclusion of samples from the 

850k dataset 

 

2.4.5 Methylation clocks 

I trimmed the methylation, beta datasets to include the necessary CpG sites for clock analysis and 

any absent CpG measures were replaced with ‘NA’. The latter was particularly important for the 

850k array due to the absence of some necessary CpG sites in this array version. I produced a 

N=356
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sample sheet with columns headed ‘Sample ID’, ‘Female’, ‘Age’ and ‘Tissue’ as per the instructions 

at https://dnamage.genetics.ucla.edu/.  I uploaded the methylation datasets (labelled with ‘Sample 

ID’) to the Horvath website, in combination with the sample sheet. Analyses were initially run ‘un-

Normalized’ but once initial results were produced, the ‘Normalized’ analyses were selected. 

This provided epigenetic ages and age acceleration for the Horvath epigenetic clock 3,including age 

acceleration according to the residual from the regression of chronological against methylation age 

(HorvathAge), the PhenoAge clock127 (PhenoAge) designed for stronger association with phenotypic 

measures of aging, and  the GrimAge clock126 (GrimAge) which is designed to predict time to death.  

The output of the Horvath website included the following epigenetic age acceleration measures: 

HorvathAge acceleration, PhenoAge acceleration and GrimAge acceleration. 

Analyses were performed on IRIDIS4 (the University of Southampton High Performing Computer 

Facility) using PUTTY (secure shell and telnet software) to communicate with the nodes of the 

supercomputer and R version 3.5.1. 

 

2.4.6 Statistical analyses 

In this section the statistical approaches used in each of the analyses are documented. The 

calculation of percentage change and the approach to combining the 450k and 850k epigenetic age 

acceleration datasets are laid out. The covariates employed as adjustments are listed and justified 

and the regression models and epigenome-wide association study methods are described. I used 

Stata (version 15.1) to perform statistical analyses to address the first two aims, and R (version 

3.5.1) to perform the epigenome-wide association studies. 

2.4.6.1 Calculation of percentage change 

Percentage change in musculoskeletal variables (including bone microarchitecture outcomes, grip 

strength and femoral neck BMD) was calculated as the follow-up value minus the baseline value, 

all divided by baseline value with the result multiplied by 100 (to provide a percentage) ([follow-

up value – baseline value]/baseline value) x100. Annualised percentage change was calculated by 

dividing percentage change buy the follow-up time in years. 

https://dnamage.genetics.ucla.edu/


2.4.6.2 Combining 450k and 850k array epigenetic age acceleration datasets 

Relationships between epigenetic measures for age and age acceleration were examined using 

scatterplots; histograms were used to examine the distribution of measures. The difference 

between 450k and 850k array results were examined for consistency and, because of systematic 

and significant differences in the epigenetic ages acquired from each array type (450k and 850k) (as 

seen in the Results chapter) epigenetic age acceleration measures were converted to array-specific 

Fisher-Yates z-scores to allow for a combined analysis. A z-score of zero would correspond to an 

average value of the epigenetic measure, compared to other values of the same array. 

 

2.4.6.3 Power calculation 

In the overall sample of size 362, there was 80% power at the 5% significance level to detect a 

regression coefficient of 0.15 for a standardized continuous predictor in relation to a standardized 

continuous outcome using simple linear regression. This is a novel area but similar sample sizes 

have been used in recent studies 138. 

 

2.4.6.4 Justification of covariates 

The covariates used in bone and muscle analyses have been extensively studied as determinants of 

bone and muscle outcomes. 

The incidence rates of osteoporosis, sarcopenia and fractures, as well as levels of bone mineral 

density and muscle parameters (including grip strength) have been shown to vary significantly with 

increasing age and between the sexes34,185-187. 

BMI (kg/m2) as a measure of adiposity and height (cm) as a measure of body anthropometry are 

associated with bone and muscle health via the mechanical strain placed on the musculoskeletal 

system by higher body mass, skeletal size associated with increased height, inflammatory mediators 

released by fat tissue and hormonal alterations associated with increased adiposity188-190. 

Dietary intake of calcium (measured in grams per day), as a key, elemental building block of bone 

tissue, is known to play a role in maintaining peak BMD 191 and mediating the risk of fracture and 

bone mineral density loss192,193. Protein intake has been shown to influence the risk of sarcopenia 

and be associated with muscle outcomes194,195, associations which are likely driven by the fact that  

stimulates muscle synthesis191.  
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Physical activity (measured in minutes per day) is beneficial to both bone and muscle. Indeed, 

prolonged immobilisation leads to bone loss191 and reduced muscle mass, strength and function196, 

whereas physical activity attenuates bone loss197 and maintains muscle function into older age198. 

Smoking is well established to be detrimental to bone health due to reduced body weight, 

catabolism and inflammation leading to reduced bone density199 and increased risk of fracture 200. 

It is also associated with detrimental effects on muscle and reduced muscle mass190. In our analyses 

we used a categorical variable of ‘ever smoking’ (which was answered as ‘yes’ or ‘no’). 

Alcohol consumption (measured in units per week) has a deleterious effect on musculoskeletal 

health via interruptions of protein and calcium metabolism and direct toxic effects on osteoblasts 

and muscle tissue191 leading to, for example, increased risk of fracture with higher alcohol 

consumption201. 

Social status has effects on many facets of health including bone health202,203 and ageing diseases 

of muscle204,205. Social class was defined as either manual or non-manual. 

 

2.4.6.5 Investigation of longitudinal bone microarchitecture, grip and femoral neck BMD 

2.4.6.5.1 Associations with fracture 

The outcome in this analysis was fracture (defined according to a yes/no answer to the question 

“have you sustained a fracture since the age of 45 years?” at the EPOSA (2011-12) follow-up or the 

presence of a vertebral fracture on a lateral spine DXA image at the EPOSA follow-up) as a 

dichotomous outcome. 

The predictors in this analysis were continuous variables including the baseline level and 

longitudinal change in bone microarchitecture parameters (units for these measures are as follows: 

area (mm2), density (mg/cm3), thickness (μm), separation (μm), trabecular number (mm-1), porosity 

(%), diameter (mm)), grip strength (kg) and femoral neck bone mineral density (g/cm2) measured 

at EPOSA follow-up and the change between EPOSA and HBS17 (2017) follow-up). 

The covariates used for these analyses have been previously identified as potential confounders for 

the relationship between bone structure (incorporating microarchitecture and bone mineral 

density), grip strength and fracture and included sex, age, height, BMI, dietary calcium, physical 

activity, smoking history (ever vs never), alcohol consumption and social class. 



In these analyses a logistic regression model was utilised to investigate the association between 

baseline levels and longitudinal changes in musculoskeletal parameters (bone microarchitecture 

parameters, grip strength and total femoral neck BMD) in relation to fracture. Fisher-Yates z-scores 

were derived for each musculoskeletal parameter and used in these models to enable the 

comparison of effect sizes. Therefore, these analyses resulted in odds ratios for previous fracture 

per standard deviation difference in baseline values and percentage changes in each predictor. 

A p-value <0.05 was regarded as statistically significant. 

Additional sensitivity analyses (using the above methods) were performed to investigate the effect 

of bisphosphonates. Bisphosphonate usage, acquired from questionnaires at the time of bone 

scans, was included as a covariate in the fully-adjusted models (incorporating sex, age, height, BMI, 

dietary calcium, physical activity, smoking history (ever vs never), alcohol consumption and social 

class). 

2.4.6.5.2 Associations with SNPs 

The predictors in this analysis were the SNPs and the outcomes in this analysis were continuous 

variables including the baseline level and longitudinal change in bone microarchitecture parameters 

(units for these measures are as follows: area (mm2), density (mg/cm3), thickness (mm), separation 

(mm), trabecular number (mm-1), porosity (%), diameter (mm)), grip strength (kg) and femoral neck 

bone mineral density (g/cm2) measured at EPOSA follow-up and the change between EPOSA and 

HBS17 (2017) follow-up). 

The covariates used for these analyses included age and sex.  

In these analyses a linear regression model was utilised to investigate the association between 

individual SNPs and continuous bone microarchitecture parameters (including baseline level and 

longitudinal change). Normality of bone microarchitecture outcomes was confirmed via visual 

inspection of histograms, linearity of relationship was confirmed graphically, Q-Q plots were used 

to test for normality of residuals and plots of residuals against the fitted values (outcomes values 

estimated by the model) were examined to check the constant variance assumption of the 

residuals. 

A p-value <0.05 was regarded as statistically significant. 

 

2.4.6.6 Investigations of epigenetic age acceleration 

The predictors in these analyses were epigenetic age acceleration (GrimAge Acceleration, 

PhenoAge Acceleration and HorvathAge Acceleration) measured in years. 
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The outcomes were continuous, normally distributed (confirmed via histograms) and included the 

following: 

• Maximum grip strength (kg) (measured at HCS baseline, EPOSA and HBS17) 

• Gait speed (m/s) (measured at EPOSA and HBS17) 

• Total spinal and femoral neck BMD (g/cm2) (measured at HCS baseline, EPOSA and HBS17) 

• HR-pQCT outcomes (total volumetric BMD (mg/cm3), trabecular density (mg/cm3) and 

cortical thickness(μm)) (measured at EPOSA and HBS17) 

• pQCT cortical thickness (mm) (this outcome was used to further examine the association 

observed with cortical thickness in the HR-pQCT dataset) (measured at EPOSA) 

• Appendicular lean mass (grams) (measured at EPOSA and HBS17) 

• Total fat mass (grams) (measured at EPOSA and HBS17) 

 

Covariates were measured at HCS baseline (199-2004) and for each musculoskeletal outcome are 

described below and longitudinal change outcomes were additionally adjusted for follow-up time. 

All analyses were stratified by sex 

Covariates for grip strength and gait speed analyses included: 

• Model 1: none (unadjusted model) 

• Model 2: age, height and BMI 

• Model 3: age, height, BMI, social class, physical activity, prudent diet, ever smoked and 

alcohol consumption 

 

Covariates included in HR-pQCT, total spinal BMD and total femoral neck BMD (via DXA) and pQCT 

analyses included: 

• Model 1: none (unadjusted model) 

• Model 2: adjusted - age, height, BMI, social class, physical activity, dietary calcium, ever 

smoked and alcohol consumption 

 

Covariates included in appendicular lean mass and total fat mass analyses: 

• Model 1: none (unadjusted model) 

• Model 2: adjusted - age, height, occupational social class, physical activity, prudent diet, 

ever smoked and alcohol consumption 

 



Linear regression models were used to examine the association between age acceleration 

predictors and continuous, normally-distributed musculoskeletal and body composition outcomes. 

Normality of musculoskeletal outcomes was confirmed via visual inspection of histograms, linearity 

of relationship with epigenetic age acceleration measures was confirmed graphically, Q-Q plots 

were used to test for normality of residuals and plots of residuals against the fitted values 

(outcomes values estimated by the model) were examined to check the constant variance 

assumption of the residuals. Note that, due to the strong relationship between BMI and both 

appendicular lean mass and total fat mass, BMI was not used as a covariate in these linear 

regression models to avoid multicollinearity problems. 

A p-value <0.05 was regarded as statistically significant. 

Some associations between predictors and outcomes were examined graphically using quartiles of 

the predictor (epigenetic age acceleration) in order to inspect the change in outcomes between the 

highest and lowest quartile. 

Additional sensitivity analyses using the above methods were performed for the effect of 

medications on bone outcomes (by including bisphosphonate usage at the time of bone scans as a 

covariate in fully-adjusted models). Sensitivity analyses were also performed to investigate 

potential effects of outliers in epigenetic age acceleration which were identified from histograms. 

For this, the statistical method described above was repeated but with outliers excluded, to 

investigate whether the outlying epigenetic age acceleration values were driving associations which 

were statistically significant. 

 

2.4.6.7 Epigenome-wide association study 

I performed epigenome-wide association study (EWAS) analyses with supervision and direction 

from Dr Negusse Kitaba and Dr Faisal Rezwan. Beta values from autosomal CpG sites  in the 850k 

array were used for EWAS using Meffil 176 and Minfi177. Beta value files were used together with 

phenotyping dataset from the baseline of the HCS (1998-2004) to allow cross-sectional analyses.  

Maximum grip strength (measured in kg) and total femoral neck BMD (measured by DXA) were the 

continuous, normally-distributed outcomes of interest. The predictor in this analysis was DNA 

methylation at each CpG site, measured as a beta-value between 0 and 1. 

To identify differentially methylated CpG sites, a robust multiple regression model (a linear 

regression model in which samples with outlying methylation levels are down-weighted) was 

applied using the R Bioconductor package limma 173 on methylation beta values adjusting for 

covariates.  
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The four EWAS models which were used are listed in Table 4, all of which were adjusted for cell 

count composition of the sample (including B lymphocytes, CD4+ T lymphocytes, CD8+ T 

lymphocytes, monocytes, natural killer cells) and array.  

Analyses performed with no further adjustments (beyond cell composition and array) (Model 1) 

and a model with adjustment for age and sex (Model 2) which was used for the primary epigenome-

wide analyses. 

Sensitivity analyses were performed with epigenome-wide analyses adjusting for age, sex, height 

and weight for height residual (as a measure of adiposity) (Model 3) and a model with adjustment 

for age, sex, height, weight for height residual, occupational social class (manual vs non-manual 

labour), physical activity (Dallosso score157), diet (prudent diet score for grip strength analyses and 

dietary calcium for BMD analyses), smoking status (ever having smoked regularly) and alcohol 

consumption (an ordinal variable of units/week) (Model 4). 

 

Table 4: EWAS model and covariates included in adjustment 

 

Further models were performed for sensitivity including a model with adjustment for age, sex, 

height and weight for height residual (as a measure of adiposity) (Model 3) and a model with 

adjustment for age, sex, height, weight for height residual, occupational social class (manual vs non-

manual labour), physical activity (Dallosso score157), diet (prudent diet score for grip strength 

analyses and dietary calcium for BMD analyses), smoking status (ever having smoked regularly) and 

alcohol consumption (an ordinal variable of units/week) (Model 4). 

The level of significance was set at the Mansell threshold (a threshold of p < 9 x 10-8 which was 

experimentally established to adequately control the false positive fate for EPIC (850k) array DNA 

methylation studies)206.  Inflation, a parameter which assesses for the  systematic biases within a 

EWAS model Adjustments

1 Cell composition
Array

2 Cell composition
Array

Age
Sex

3 Cell composition
Array

Age
Sex

Height
Weight for height 
residual

4 Cell composition
Array

Age
Sex

Height
Weight for height 
residual

Occupational social class
Physical activity
Diet
Smoking status
Alcohol consumption



dataset by dividing the observed chi-squared test statistic by the expected chi-squared test statistic, 

was calculated by lambda statistics and visualised via Quantile-Quantile-plots (QQ-plots).  As with 

previous analyses, R version 3.5.1 was used. Differentially methylated regions (DMRs) were 

identified using dmrcate 207.  

Adjustment for multiple testing was performed using Benjamini-Hochberg procedure with a false 

discovery rate less than 0.05 (FDR<0.05). The Benjamini-Hochberg procedure aims to reduce the 

number of false positives (or type 1 errors) in which the null hypothesis (that there is no association 

between methylation at a CpG site and the outcome of interest) is incorrectly rejected. It operates 

by placing the p-values for each CpG sites in ascending order, then ranking the p-values (from 

lowest to highest) and determining the Benjamini-Hochberg critical value for each p-value 

(calculated as (p-value rank x FDR)/ the number of tests performed)208. The threshold is then set at 

the largest p-value which is less than the critical value. It then selects the lowest p-value at which 

the null hypothesis would be rejected to be the adjusted p-value. Due the fact that this adjusted p-

value has to come from the original list of p-values, multiple p-values will be rejected at the same 

adjusted p-value threshold meaning that multiple, different p-values can have the same adjusted 

p-value. 

Pathway and gene ontology enrichment was also carried out using missMethyl 209 and Enrichr210 on 

subsets of genes. Two subsets were used: 

1. Limited subset: A subset of genes associated with CpG sites with a p-value (for significance 

of association in EWAS) of <1x10-5 

2. Extended subset: A subset of genes associated with the CpG sites with the lowest 100 p-

values (for significance of association in EWAS). 

It should be noted that these two approaches to producing a gene set for enrichment analysis 

provide a focused view (via the limited subset) and a wider view (via the extended subset) of the 

pathways or gene ontologies associated with the gene list derived from differential methylation 

analyses. Thresholds for defining gene sets for enrichment analyses are arbitrary211, and the above 

approaches represent a compromise, as the analyses would be most robust if all genes in the gene 

list were associated with CpG sites which had met the pre-set threshold for statistical 

significance206. Additionally, some CpG sites are unclassified, and therefore the number of 

significant CpG sites did not correspond exactly with the number of genes included in pathway and 

gene ontology analyses. 

Pathway analysis was carried out by mapping genes associated with significantly associated CpG 

sites to the Kyoto Encyclopaedia of Genes and Genomes (KEGG) 2021, a biological database with 

manually drawn metabolic, signalling and cellular process pathway maps. These pathways include 
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rectangles (indicating the protein product of a gene) and interactions between these are 

represented by arrows or lines212-214. 

Gene ontology enrichment analysis was performed using GO consortium tools for Biological 

Processes, Molecular Functions and Cellular Components215,216.  

Human phenotype ontology was performed using the Human Phenotype Ontology project (HPO), 

a collection of health, medical and disease phenotypes217. This project aims to provide an ontology 

of medically relevant phenotypes including 1779 terms (each describing a clinical abnormality) with 

3096 genes labelled as associated with these phenotypic terms. 

Both gene ontology and pathway analysis identify, for a given set of genes, which gene ontology 

terms or pathways are over-represented, compared to the expected representation. In this context, 

odds ratio is the odds that a particular term (gene ontology term or pathway term) appears in a list 

of differentially methylated genes divided by the odds that the same term appears in a list of all 

genes of a given gene set. The p-value in these analyses is derived from the Fisher’s exact test218. 

For both pathway analysis and gene ontology analysis a significance cut-off was defined as an 

adjusted p-value<0.05 (adjusted for the number of statistical tests performed). 

This enrichment approach is a particularly useful tool in smaller datasets which may lack the 

statistical power to demonstrate significant associations with individual CpG sites and loci. 
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Chapter 3 Results 

3.1 Description of change in musculoskeletal parameters with ageing and 

associations with fracture and genetic loci 

As described in the methods section, the longitudinal bone microarchitecture data from the HCS are 

a unique resource which includes the HR-pQCT scans performed on participants at the EPOSA (2011-

12) and the HBS17 (2017) follow-up visits. In this chapter the changes seen in bone microarchitecture 

are described and the associations with fracture and specific, known genetic loci219 are examined. 

These findings have been published in the journal Bone in 2021220 and some figures and tables are 

drawn from this publication.  

Furthermore, grip strength change and DXA-measured bone mineral density change over the same 

time period (EPOSA to HBS17) are also described, as these represent important musculoskeletal 

outcomes that will be considered in future chapters. 

The timings of the measurements made are summarized in Figure 14, and have been reported in detail 

in Chapter 2. 

 

Figure 14: Timelines for the HRpQCT, maximum grip strength and DXA BMD parameters examined in 

this chapter. 



3.1.1 Participant characteristics 

This investigation incorporated a subset of 214 HCS participants (115 males and 99 females) with a 

mean age of 76.0 (2.5) years at the first (EPOSA) HR-pQCT scans (in 2011-2012). Males were taller and 

had greater weight than females but BMI was roughly equal across the sexes. Dietary calcium intake 

was just over 8 grams per week. Males were more likely to have ever smoked and were more likely to 

be moderate or high drinkers. Approximately half of participants were from a manual social class and 

bisphosphonates were used by 3.7% of males and just over a fifth (20.7%) of females.  

In terms of fracture outcomes, 27 (25.2%) males and 32 (33.3%) females had sustained a previous 

vertebral (6 in males and 6 in females) or self-reported fracture since the age 45. The median follow-

up time between the first HR-pQCT scan (EPOSA) and second scan (HBS17) scans was 5.2 (4.8, 5.4) 

years. The characteristics of the study population are presented in Table 5. 
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Table 5: Descriptive statistics for participant characteristics in 2011-2012220 

 

3.1.2 Associations between bone microarchitecture and previous fracture 

Bone microarchitecture was assessed at both the radius and tibia; however, although the patterns of 

association were similar for each, the associations between tibial parameters and previous fracture 

were substantially stronger at the tibia than at the radius. 

Participant characteristic

Mean (standard deviation), n(%) or                                      

median (lower quartile, upper quartile)

Males (n=115) Females (n=99)

Age (years) 75.8 (2.5) 76.2 (2.6)

Height (cm) 173.3 (6.5) 160.4 (5.7)

Weight (kg) 83.1 (13.0) 72.4 (12.5)

BMI (kg/m2) 27.7 (4.0) 28.1 (4.5)

Weekly dietary calcium (g)* 8.3 (2.2) 8.0 (2.9)

Physical activity in last 2 weeks (min/day) ** 195.0 (128.6, 291.4) 207.9 (150.0, 287.1)

Ever smoked 61 (56.5%) 39 (40.2%)

Weekly alcohol units (M: Males; F: Females)

Very low (0/<1 M&F) 24 (22.2%) 48 (49.5%)

Low (1-10M,1-7F) 48 (44.4%) 39 (40.2%)

Moderate (11-21M,8-14F) 17 (15.7%) 8 (8.2%)

High (>21M, >14F) 19 (17.6%) 2 (2.1%)

Social class (manual)* 59 (53.6%) 53 (53.5%)

Bisphosphonate use (1998-2004 to 2012)* 4 (3.7%) 20 (20.6%)

Self-reported fracture since aged 45 years 24 (22.4%) 30 (30.9%)

Vertebral fracture 6 (5.3%) 6 (6.1%)

Any fracture (self-reported or vertebral) 27 (25.2%) 32 (33.3%)

*Ascertained using information at initial phase of the Hertfordshire Cohort Study (1998-2004)

**Derived using the Longitudinal Ageing Study Amsterdam Physical Activity Questionnaire



Baseline values and annual percentage changes (calculated as: ([follow-up value – baseline 

value]/baseline value) x100 per year of follow-up) in tibial HR-pQCT parameters are presented in Table 

6. Although annual percentage changes in parameters were small at all sites, many of these 

longitudinal changes in bone microarchitecture differed significantly from zero (p<0.05). We observed 

decreases in trabecular density (females only), cortical area, density and thickness, and total 

volumetric bone mineral density and increases in cortical pore diameter (males only), trabecular area 

and cortical porosity.  

Radial HR-pQCT parameters are presented in Appendix 6. At the radius, there were statistically 

significant decreases in total volumetric bone mineral density, trabecular number (females only), 

cortical area, cortical density and cortical thickness, and increases in trabecular area, trabecular 

separation (females only), cortical porosity (males only) and cortical pore diameter (females only). 
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Table 6: Descriptive statistics for tibial HR-pQCT parameters at baseline (2011-2012) and for changes in parameters from EPOSA to HBS17220 

Parameter [Median (lower quartile,

upper quartile) values shown]

Males (n=115) Females (n=99)

Baseline Annual change (%) P-value Baseline Annual change (%) P-value

Trabecular area (mm2) 743 (648, 838) 0.1 (0.0, 0.2) <0.001 620 (542, 707) 0.2 (0.0, 0.3) <0.001

Total volumetric bone density (mg/cm3) 294 (262, 343) -0.5 (-1.0, -0.2) <0.001 252 (219, 276) -0.8 (-1.5, -0.3) <0.001

Trabecular density (mg/cm3) 196 (170, 215) -0.1 (-0.3, 0.2) 0.180 167 (149, 199) -0.3 (-0.8, 0.2) 0.012

Trabecular number (mm-1) 2.5 (2.2, 2.7) -0.1 (-1.0, 1.1) 0.444 2.3 (2.0, 2.5) -0.2 (-1.7, 1.4) 0.213

Trabecular thickness (mm) 0.066 (0.058, 0.072) 0.0 (-1.1, 1.0) 1.000 0.064 (0.054, 0.071) 0.0 (-1.3, 1.2) 1.000

Trabecular separation (mm) 0.34 (0.30, 0.38) 0.1 (-1.1, 1.1) 0.501 0.37 (0.34, 0.43) 0.3 (-1.3, 2.0) 0.300

Cortical area (mm2) 129 (116, 153) -0.7 (-1.5, 0.0) <0.001 83 (74, 98) -1.3 (-2.4, -0.4) <0.001

Cortical density (mg/cm3) 836 (803, 873) -0.6 (-1.0, -0.3) <0.001 763 (721, 807) -0.7 (-1.2, -0.2) <0.001

Cortical porosity (%) 8.8 (7.3, 10.6) 2.5 (0.5, 4.8) <0.001 9.9 (7.9, 12.2) 1.5 (-0.1, 3.3) <0.001

Cortical thickness (mm) 1.2 (1.1, 1.4) -0.4 (-1.1, 0.1) <0.001 0.9 (0.8, 1.1) -1.1 (-2.0, -0.1) <0.001

Cortical pore diameter (mm) 0.17 (0.16, 0.18) 0.2 (-0.7, 1.3) 0.031 0.18 (0.17, 0.19) 0.1 (-0.9, 0.9) 0.602

P-values correspond to tests that median annual percentage changes were zero and were calculated from sign tests

Median annual percentage changes that were significantly different from zero (p<0.05) are highlighted in bold (underlined for increases and italic for decreases)



3.1.3 Associations between baseline values and changes in tibial HR-pQCT parameters and 

previous fracture 

Associations between baseline values and annual percentage changes in tibial HR-pQCT parameters 

(Table 7), grip strength and femoral neck BMD in relation to previous fracture are presented in Figure 

15. Using baseline scans (from EPOSA, 2011-12) alone increased odds of previous fracture were 

observed for: higher trabecular area (OR 2.18 (1.27,3.73), p<0.01); lower total volumetric bone density 

(OR 0.53 (0.34,0.84) p<0.01); lower cortical area (OR 0.53 (0.30,0.95), p<0.04), lower cortical density 

(OR 0.56 (0.36,0.88), p<0.02) and lower cortical thickness (OR 0.45 (0.27,0.77), p<0.01); and greater 

declines in trabecular density (OR 0.50 (0.34,0.75), p<0.002). These relationships remained significant 

in fully-adjusted models. At the radius, baseline cortical pore diameter was significantly associated 

with greater odds of fracture (OR 0.63 (0.44,0.92), p<0.005). Associations between baseline values 

and annual percentage changes in radial HR-pQCT parameters in relation to previous fracture are 

presented in Appendix 7 . 

To provide some interpretation to these findings, if we take tibial total volumetric bone density as an 

example of a baseline measure, we found that for every SD increase in total volumetric bone density 

there was a 47% reduction in the odds of previous fracture (any fracture since the age of 45 years or 

vertebral fracture on lateral spinal DXA). 

If we take change in trabecular density as an example of a change measure,  per SD increase in 

trabecular density change  there is a reduction in the odds of previous fracture by 50%. It should be 

noted here that higher values of the change parameter reflect reduced decline in that parameter (as 

annualised percentage change is calculated as ([follow-up value – baseline value]/baseline value) x100 

per year of follow-up. Thus, reduced decline in trabecular density is associated with a lower odds of 

previous fracture.
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Figure 15: Odds of fracture for level and change of musculoskeletal parameters. 

Fully-adjusted odds ratios for previous fracture per standard deviation difference in 

baseline values and changes in maximum grip strength, total femoral BMD (measured 

via DXA) and key tibial HR-pQCT parameters.  

Odds ratios were adjusted for sex, age, height, BMI, dietary calcium, physical activity, 

smoking history (ever vs never), alcohol consumption and social class  

Odds ratios greater than one: higher baseline values in 2011-2012 or reduced declines 

in muscuoskeletal variables from 2011-2012 to 2017 were associated with greater risk 

of previous fracture 

Odds ratios less than one: higher baseline values in 2011-2012 or reduced declines in 

musculoskeletal variables from 2011-2012 to 2017 were associated with lower risk of 

previous fracture 



 

Table 7: Odds ratios for previous fracture per standard deviation difference in both baseline values and changes in parameters220 

 

HR-pQCT tibia parameter 

(SD)

Baseline values in 2011-2012 Annual percentage change from 2011-2012 to 2017

Sex-adjusted Fully-adjusted* Sex-adjusted Fully-adjusted*

Odds ratio

(95% CI) P-value

Odds ratio

(95% CI) P-value

Odds ratio

(95% CI) P-value

Odds ratio

(95% CI) P-value

Trabecular area 1.70 (1.15,2.51) 0.007 2.18 (1.27,3.73) 0.005 1.11 (0.80,1.56) 0.525 1.01 (0.71,1.44) 0.945

Total volumetric bone 

density 0.58 (0.39,0.84) 0.004 0.53 (0.34,0.84) 0.007 0.72 (0.52,1.01) 0.059 0.75 (0.53,1.07) 0.117

Trabecular density 0.79 (0.56,1.10) 0.168 0.72 (0.49,1.06) 0.099 0.56 (0.40,0.80) 0.001 0.50 (0.34,0.75) 0.001

Trabecular number 0.92 (0.66,1.27) 0.602 0.96 (0.64,1.43) 0.836 0.99 (0.72,1.36) 0.951 0.91 (0.64,1.29) 0.584

Trabecular thickness 0.80 (0.58,1.10) 0.168 0.69 (0.48,1.00) 0.052 0.83 (0.60,1.15) 0.256 0.88 (0.62,1.27) 0.502

Trabecular separation 1.12 (0.81,1.55) 0.504 1.10 (0.74,1.64) 0.626 1.03 (0.75,1.41) 0.872 1.13 (0.79,1.60) 0.515

Cortical area 0.52 (0.32,0.84) 0.008 0.53 (0.30,0.95) 0.032 0.86 (0.62,1.20) 0.377 0.98 (0.68,1.40) 0.908

Cortical density 0.51 (0.34,0.76) 0.001 0.56 (0.36,0.88) 0.011 0.93 (0.67,1.28) 0.641 1.00 (0.70,1.42) 0.987

Cortical porosity 1.09 (0.79,1.50) 0.618 0.96 (0.67,1.37) 0.808 0.71 (0.51,1.00) 0.048 0.73 (0.51,1.05) 0.090

Cortical thickness 0.48 (0.31,0.74) 0.001 0.45 (0.27,0.77) 0.004 0.82 (0.59,1.15) 0.255 0.91 (0.64,1.30) 0.597

Cortical pore diameter 0.85 (0.61,1.17) 0.317 0.71 (0.49,1.03) 0.070 0.82 (0.59,1.15) 0.253 0.82 (0.56,1.20) 0.309

HR-pQCT: High resolution peripheral quantitative computed tomography; CI: Confidence interval

*Adjusted for sex, age, height, BMI, dietary calcium, physical activity, smoking history (ever vs never), alcohol consumption and social class

Odds ratio of less than one for annual percentage change in parameter shows that reduced declines are related to lower risk of previous fracture

Significant associations (p<0.05) are given in italics



 

69 

3.1.4 Selected loci in relation to tibial HR-pQCT parameters that were associated with 

previous fracture 

Although the focus of this thesis centred around epigenetic rather than genetic markers, we 

considered relationships between selected genetic loci and baseline values and annual percentage 

changes in tibial bone microarchitecture parameters (which were associated with previous fracture) 

here. These are presented in Table 8. Few loci significant associations were observed, though 

rs3801387 (WNT16) was related to change in trabecular density (p=0.011) and rs7812088 (ABCF2) 

there was a borderline association with baseline values of trabecular area (p=0.072). However, the 

remaining associations were weak (p>0.09). To contextualise the result for rs3801387 (WNT16), we 

found that for each extra G allele at that locus there was a 0.28 standard deviation reduction in decline 

(or, more simply, a gain) of trabecular density. 



Table 8: Selected loci in relation to tibial HR-pQCT parameters that were associated with previous fracture220 

 

HR-pQCT tibia parameter

(z-scores)

rs1053051 (TMEM263): 

per extra T allele

rs7812088 (ABCF2): 

AG compared to GG

rs10226308 (TXNDC3): 

per extra G allele

rs3801387 (WNT16): 

per extra G allele

Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value Estimate (95% CI) P-value

Baseline values

Trabecular area -0.07 (-0.24,0.10) 0.426 -0.28 (-0.59,0.03) 0.072 0.07 (-0.17,0.30) 0.584 -0.02 (-0.23,0.18) 0.810

Total volumetric bone 

density 0.13 (-0.03,0.30) 0.112 0.18 (-0.13,0.48) 0.251 0.02 (-0.21,0.25) 0.856 0.03 (-0.17,0.23) 0.767

Cortical area 0.06 (-0.07,0.18) 0.385 0.10 (-0.13,0.33) 0.384 -0.03 (-0.21,0.15) 0.734 0.01 (-0.14,0.16) 0.879

Cortical density 0.04 (-0.12,0.20) 0.636 0.00 (-0.28,0.29) 0.974 0.06 (-0.15,0.28) 0.560 0.03 (-0.16,0.21) 0.784

Cortical thickness 0.09 (-0.06,0.24) 0.244 0.21 (-0.07,0.49) 0.136 -0.06 (-0.27,0.15) 0.571 0.01 (-0.17,0.20) 0.874

Annual percentage changes

Trabecular density 0.08 (-0.11,0.26) 0.397 -0.10 (-0.43,0.23) 0.543 0.22 (-0.04,0.47) 0.092 -0.28 (-0.50,-0.07) 0.011

Estimates shown are standard deviation differences in HR-pQCT parameters according to each loci

Associations were adjusted for age and sex

Significant associations (p<0.05) are given in italics



 

71 

 

3.1.5 Description of change in maximum grip strength from HBS11-12 to HBS17 

Next we compared maximum grip strength at the 2011-12 follow-up visit and the 2017 follow-up visit. 

This was performed in 215 individuals across a mean follow-up time of 5.1 years (SD 0.34). 

Percentage change in maximum grip strength 

Percentage change in maximum grip strength was calculated for males and females at the same 

timepoints with a mean percentage loss of 13.3% (SD 15.3) in males and 10.2% (SD 23.9) in females. 

For reference, the absolute change in grip strength was a 4.1kg (SD 4.8) loss across the sexes (a loss of 

5.2kg in males and 3.0kg in females). This results in a 0.80kg/year loss over the mean 5.1 years of 

follow-up. 

3.1.6 Description of change in total femoral BMD from HBS11-12 to HBS17 

Across the same follow-up time as above we also calculated the percentage change in total femoral 

BMD (defined as the minimum total femoral BMD from the left or right). 

Percentage change in total femoral BMD 

Percentage change in total femoral BMD was calculated for males and females at the same timepoints 

with a mean percentage loss of 2.0% (SD 3.8) in males and 3.5% (SD 5.1) in females. 

3.1.7 Associations of grip strength and total femoral BMD with fracture 

Odds ratios were calculated via unadjusted and adjusted (for the covariates described above) models 

for baseline grip and BMD and percentage change in these variables. These findings are shown in 

Appendix 9. 

Neither baseline grip strength nor percentage change in grip strength were associated with fracture; 

however, baseline DXA BMD was significantly associated with fracture in both unadjusted and 

adjusted models (OR 0.01, 95% CI 0.00 to 0.25, p=0.003). This suggests that, for each unit increase in 

BMD (g/cm2) there is a 99% decrease in the odds of previous fracture. This can be a little difficult to 

interpret as a unit increase in g/cm2 is large. Thus,  by using Z-scores of BMD, the odds of fracture 

reduced by 46% per standard deviation increase in BMD (OR 0.54). 



3.1.8 Sensitivity analyses 

Sensitivity analyses were performed to investigate the effect of taking bisphosphonates on the 

associations observed for bone outcomes (bone microarchitecture and DXA BMD). These did not 

substantially alter the results (as seen in Appendix 8 and Appendix 9). The reason for this lack of effect 

may be that adjustment for bisphosphonate is an overadjustment as it identifies those with poorer 

bone health, the same group we are attempting to identify through HR-pQCT or DXA imaging. 

3.1.9 Results summary 

In this chapter we have described the change in bone microarchitecture, maximum grip strength and 

DXA-measured total femoral neck BMD (as primary tenets of musculoskeletal ageing) over the 

approximately 5 years of follow-up for a group of older adults in the UK. Large losses of nearly 20% 

were observed in maximum grip strength; however reductions for total femoral neck BMD were 

smaller at 2.2% for males and 3.9% for females. The greater loss in BMD for females is as expected 

and is likely due to the post-menopausal lack of protection from sex hormones. It is worth considering 

our findings in the context of previous findings in the HCS which examined pQCT (the precursor to HR-

pQCT which provides a 2-dimensional cross-section of bone parameters together with muscle area) 

between a follow-up visit at 2004-05 and EPOSA (2011-12). Here, sex differences were also observed, 

particularly in the cortical area with greater declines in females than males at both the radius 

(p=0.006) and the tibia (p<0.001)221. 

Deteriorations in bone microarchitecture parameters were less marked with maximal changes being 

an approximate 2% rise in cortical porosity and 1% reduction in cortical area. However, although the 

remaining changes were less than 1%, they were in a biologically plausible direction and many were 

significant. Indeed, we observed increases in trabecular area and density with decreases in cortical 

area, thickness and density as bone is resorbed from the endocortical surface with increasing age. 

Increases in cortical porosity were also seen together with increasing cortical pore diameter. In the 

next chapter we will investigate whether these age-related changes are related to epigenetic age 

acceleration as a measure of biological ageing.  

When we examined the associations between baseline levels and percentage change of these 

parameters of musculoskeletal ageing, and fracture (one of the most important musculoskeletal 

outcomes),we found that baseline level was more consistently predictive of fracture than change 

between the two timepoints. To expand, higher trabecular area and lower cortical density, area and 

thickness were significantly associated with a greater odds of fracture, as were lower levels of the 
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more global measures of total volumetric BMD (via HR-pQCT) and total femoral neck BMD (via DXA). 

The only measure for which change was significantly associated with fracture was loss of trabecular 

density. 

In terms of genetic loci and associations with bone microarchitecture, we saw one significant 

association with rs3801387 (WNT16) which was related to loss of trabecular density (β=-0.28 (-0.50,-

0.07), p=0.011). This has biological significance which will be explored in the discussion chapter.  



3.2 Associations between epigenetic age acceleration and 

musculoskeletal parameters 

This chapter addresses the associations between HCS baseline (1998-2004) epigenetic age 

acceleration (including those calculated via HorvathAge, GrimAge and PhenoAge clocks) as the 

predictor for selected musculoskeletal outcomes. The outcome measures are drawn from the baseline 

HCS visit (cross-sectionally to when blood samples were collected), the EPOSA visit (2011-12) and the 

HBS17 visit (2017). Muscle parameters included maximum grip strength and gait speed, bone 

measures included DXA bone mineral density (BMD) at the total femur, femoral neck (FN) and 

anterior-posterior lumbar spine (AP spine) and HR-pQCT outcomes (note that HRpQCT scans were 

performed at the EPOSA (2011-12) and HBS17 (2017) visits alone) and body composition including 

DXA-measured appendicular lean mass and total fat mass (note that whole body DXA was performed 

at the EPOSA (2011-12) and HBS17 (2017) visits alone. 

The methods describing how the clocks were produced and musculoskeletal outcomes were 

measured are included in the methods chapter. 

3.2.1 The cohort 

The demographics of all those included in this study at HCS baseline (1998-2004) are shown in Table 

9 for 425 participants, 213 males and 212 females. The mean age of the males was 64.1 years (SD 2.6) 

and mean age of the females was 65.9 (SD 2.7). Mean weight and height were higher in males than 

females and mean BMI was approximately equal across the sexes. Physical activity scores were similar 

across the sexes as was dietary calcium intake. Males had a higher mean maximum grip strength than 

females. BMD was higher in males than females at the total spine, total femoral compartment and 

femoral neck. 
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Table 9: Baseline demographic data. 

This table depicts the mean and standard deviation for age, body anthropometry, 

physical activity, calcium intake, maximum grip strength and gait speed, non-fat mass 

and bone mineral density (BMD) measures. These measures are taken from baseline 

visits (1998-2004) 

 

As seen in Table 10 males were more likely to have ever smoked and more likely to drink heavily (very 

high alcohol consumption accounted for 11.3% of males and 0% of females). Occupational social class 

distribution was equal across the sexes for non-manual  and manual occupational social class. 

Musculoskeletal and body composition outcomes at EPOSA and HBS17 are seen in Table 11. 

  

Mean (SD) Males (n=213) Females (n=212)

Age (years) 64.1 (2.6) 65.9 (2.7)

Height (cm) 174.7 (6.6) 161.3 (5.7)

Weight (kg) 81.0 (11.3) 70.1 (12.7)

BMI (kg/m2) 26.6 (3.6) 26.9 (4.5)

Physical activity (Dallosso) 64.5 (14.2) 62.0 (13.8)

Dietary calcium intake (mg) 8584.6 (2144.4) 8003.2 (2492.6)

Grip strength (kg) 44.9 (7.0) 27.6 (5.0)

Gait speed (m/s) NA 1.0 (0.1)

Total spinal BMD (g/cm2) 1.1 (0.2) 1.0 (0.2)

Total femoral BMD (g/cm2) 1.0 (0.1) 0.9 (0.1)

Femoral neck BMD (g/cm2) 0.9 (0.1) 0.8 (0.1)



 

 

Table 10: Baseline lifestyle data.  

This table depicts the total (and percentage) for categorical variables including ever 

smoking, weekly alcohol consumption (M=male, F=female), occupational social class (I-

IIINM (NM=non-manual), IIIM – V (M=manual)). These measures are taken from 

baseline visits (1998-2004) 

  

n(%) Males Females

Ever smoked

No 89 (41.8%) 139 (65.6%)

Yes 124 (58.2%) 73 (34.4%)

Weekly alcohol consumption

Non-drinker 3 (1.4%) 31 (14.6%)

Very Low (0/<1 M&F) 22 (10.3%) 62 (29.2%)

Low (1-10M,1-7F) 86 (40.4%) 93 (43.9%)

Moderate (11-21M,8-14F) 53 (24.9%) 23 (10.8%)

High (22-35M, 15-21F) 25 (11.7%) 3 (1.4%)

Very High (>35 M >21 F) 24 (11.3%) 0 (0.0%)

Social class

I-IIINM 91 (44.6%) 91 (42.9%)

IIIM-V 113 (55.4%) 121 (57.1%)
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Table 11: EPOSA and HBS17 musculoskeletal and body composition outcomes.  

This table depicts mean age, maximum grip strength and gait speed at the EPOSA 

follow-up (2011-12) for a total of 399 participants (199 males and 200 females) and 

total lean and total fat mass for 344 participants (179 males and 165 females) 

Below are included the mean age, maximum grip strength and gait speed and total lean 

and total fat mass at the HBS17 follow-up (2017) for a total of 205 participants (108 

males and 97 females) 

3.2.2 Epigenetic age 

Epigenetic age variables were calculated using clocks derived from methylation data as described in 

the methods chapter. The epigenetic ages were then used to calculate the epigenetic age acceleration 

measures. 

The three epigenetic ages were calculated and can be seen in Table 12. This dataset includes 425 

participants and the mean chronological age was 65.0 (SD 2.8) years. The mean age for the HorvathAge 

Mean (SD) Males Females

EPOSA (2011-12)

Age (years) 75.6 (2.5) 75.9 (2.6)

Grip strength (kg) 36.2 (7.3) 21.2 (6.0)

Gait speed (m/s) 0.8 (0.2) 0.7 (0.2)

Total lean mass (kg) 53.6 (5.3) 38.5 (4.4)

Total fat mass (kg) 24.9 (8.4) 29.7 (9.2)

HBS17 (2017)

Age (years) 81.0 (2.5) 81.4 (2.6)

Grip strength (kg) 31.7 (7.8) 19.4 (5.3)

Gait speed (m/s) 0.7 (0.2) 0.7 (0.2)

Total lean mass (kg) 51.7 (6.0) 39.6 (4.9)

Total fat mass (kg) 26.4 (8.5) 29.6 (8.5)



was similar at 65.8 years but the mean epigenetic ages for the second-generation clocks were younger 

at 56.4 years for PhenoAge and 58.4 years for GrimAge. The standard deviations for epigenetic ages 

(Horvath Age = 4.6 years, PhenoAge = 4.8 years, GrimAge = 5.6 year) were greater than for 

chronological age (2.8 years) as were the ranges. 

 

Table 12: Summary statistics for chronological age, HorvathAge, PhenoAge and GrimAge 

(including number of observations (n), mean, standard deviation, minimum and 

maximum ages) 

The distributions of HorvathAge, as an example of epigenetic age, is shown in the histogram below 

(Figure 16) with separate histograms for HorvathAge in 450k and 850k array samples shown below 

(Figure 17) and a density plot for the distribution of each epigenetic age  and chronological age 

included in Appendix 11. 

 

 

 

Variable n Mean Std. Dev. Min Max

Chronological age 425 65.0 2.8 59.2 70.8

HorvathAge 425 65.8 4.6 47.6 77.0

PhenoAge 425 56.4 4.8 26.3 69.3

GrimAge 425 58.4 5.6 48.2 82.5
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Figure 16: A histogram depicting the distribution of frequency density of HorvathAge (DNAmAge in 

years) in the 450k and 850k arrays combined. 

 

 

 

 

Figure 17: A histogram depicting the distribution of frequency density of HorvathAge (DNAmAge in 

years) in the 450k and 850k arrays separately. 

 

There is a significant difference in the HorvathAge distributions for each array, with participants 

included appearing to be significantly younger. This was confirmed by Student’s t-test with no 

significant difference for chronological age (p=0.09) but significant differences seen between the 

distributions for 450k and 850k arrays for HorvathAge (p<0.0001), PhenoAge (p<0.0001) and GrimAge 

(p<0.0001). For this reason, Z-scores for epigenetic age acceleration were produced so that 450k and 

850k datasets could be combined.  



3.2.3 Epigenetic age acceleration 

Epigenetic age acceleration measures were produced from the residual of  a regression of 

chronological age and predicted epigenetic age. Thus, a positive epigenetic age acceleration is 

indicative of accelerated epigenetic aging and a negative epigenetic age acceleration is indicative of 

decelerated epigenetic aging. 

In Table 13 are the means and standard deviations for raw (non-Z-score) epigenetic age acceleration 

measures. As expected, the mean epigenetic age acceleration for all variables tends towards 0. For 

PhenoAgeAcc the standard deviation was higher (4.5) as was the range (-28.8 to 14.9) that it was for 

HorvathAgeAcc (SD 3.3 and range 14.7 to 9.1) or GrimAgeAcc (SD 3.7 and range -7.7 to 14.4). Density 

plots for the distribution of each epigenetic age acceleration measure are included in Appendix 11. 

Histograms of the distribution of HorvathAge acceleration, GrimAge acceleration and PhenoAge 

acceleration for both 450k and 850k arrays are shown in Appendix 10 but show a similar shift in 

distibution between array types to that see for the epigenetic age measures themselves. 

 

 

Table 13: Epigenetic age acceleration summary statistics 

(including mean, standard deviation and maximum and minimum values for HorvathAge 

acceleration, PhenoAge acceleration and GrimAge acceleration) 

 

Below is a table of the Z-scores (Table 14)  for epigenetic age acceleration measures with standardized 

means of 0, standard deviations of 0 and ranges of 6.6 for HorvathAge acceleration, 8.5 for PhenoAge 

acceleration and 5.6 for GrimAge acceleration. In the subsequently described analyses, the age 

acceleration measures refer to these Z-scores for age acceleration. 

  

Variable Obs Mean Std. Dev. Min Max

HorvathAge acceleration 425 4.10e-9 3.3 -14.7 9.1

PhenoAge acceleration 425 -4.49e-9 4.5 -28.8 14.9

GrimAge acceleration 425 1.09e-9 3.7 -7.7 14.4
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Table 14: Epigenetic age acceleration Z-scores summary statistics  

(including mean, standard deviation, minimum and maximum) 

 

3.2.4 Epigenetic age acceleration vs muscle outcomes 

 

Figure 18: Schema showing the timing of the clock exposure and musculoskeletal outcomes for this 

section 

The results of linear regression models investigating the association between epigenetic age 

acceleration variables and outcomes related to muscle strength (maximum grip strength) and muscle 

function (gait speed) are depicted in Table 15. The results shown are for sex-stratified, unadjusted 

models (model 1) and those adjusted for age, height and BMI (model 2) and those adjusted 

additionally for social class, physical activity, prudent diet, ever smoked regularly and alcohol 

consumption (model 3).  

Note that at the HCS baseline (1998-2004) only a small subset of the population (n=98) had gait speed 

measured and all of these were female. The timeline of the measures utilised in these analyses are 

summarised in Figure 18. 

3.2.4.1 GrimAge acceleration findings 

The specific findings for regressions of maximum grip strength and gait speed with GrimAge 

acceleration are shown in Table 15. 

Variable Obs Mean Std. Dev. Min Max

HorvathAge acceleration 425 0 1.0 -3.5 3.1

PhenoAge acceleration 425 0 1.0 -5.4 3.1

GrimAge acceleration 425 0 1.0 -2.0 3.6



 

Table 15: Regression coefficients and p-vales for associations between GrimAge Acceleration and maximum grip strength and gait speed measured at HCS 

baseline (1998-2004), EPOSA (2011-12) and HBS17 (2017).  

Model 1 is unadjusted, Model 2 is adjusted for age, height and BMI and Model 3 is adjusted additionally for social class, physical activity, 

prudent diet, ever smoked regularly and alcohol consumption. Red highlighting indicates a statistically significant result (p<0.05). 

  

Grip

Model 1 Model 2 Model 3

Males Females Males Females Males Females

beta p beta p beta p beta p beta p beta p

Baseline -1.43 (-2.39,-0.47) 0.004 -0.14 (-1.00,0.73) 0.756 -0.76 (-1.62,0.10) 0.085 -0.09 (-0.97,0.79) 0.837 -0.97 (-1.98,0.04) 0.059 0.14 (-0.83,1.10) 0.782

EPOSA -1.93 (-2.96,-0.90) 0 -0.00 (-1.08,1.07) 0.993 -1.25 (-2.24,-0.26) 0.014 0.27 (-0.82,1.35) 0.627 -1.05 (-2.23,0.12) 0.078 0.69 (-0.47,1.86) 0.243

HBS17 -1.35 (-2.96,0.25) 0.098 0.79 (-0.49,2.07) 0.224 -0.69 (-2.14,0.76) 0.348 1.06 (-0.20,2.31) 0.099 -0.60 (-2.32,1.12) 0.491 1.38 (-0.07,2.82) 0.061

Gait

Model 1 Model 2 Model 3

Males Females Males Females Males Females

beta p beta p beta p beta p beta p beta p

Baseline NA NA -0.02 (-0.06,0.02) 0.27 NA NA -0.01 (-0.05,0.02) 0.507 NA NA -0.02 (-0.06,0.02) 0.43

EPOSA -0.02 (-0.05,0.00) 0.067 -0.04 (-0.08,-0.01) 0.017 -0.01 (-0.04,0.01) 0.338 -0.03 (-0.06,0.01) 0.117 -0.01 (-0.04,0.02) 0.423 -0.02 (-0.06,0.02) 0.357

HBS17 -0.06 (-0.10,-0.02) 0.002 -0.03 (-0.07,0.01) 0.183 -0.05 (-0.08,-0.01) 0.021 -0.02 (-0.06,0.03) 0.461 -0.04 (-0.09,-0.00) 0.047 -0.01 (-0.06,0.05) 0.781
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3.2.4.1.1 Grip 

GrimAge acceleration was significantly associated with maximum grip strength at baseline and EPOSA 

in males in unadjusted models and at the EPOSA timepoint in models adjusted for age, height and BMI 

(β= -1.25 (-2.24,-0.26), p<0.02). This suggests that for each standard deviation increase in GrimAge 

acceleration Z-score, there is a 1.25kg reduction in maximum grip strength in males. See Figure 19 and 

Figure 21. 

 

Figure 19: Mean and 95% confidence intervals for maximum grip strength against GrimAge 

acceleration quartiles in males at EPOSA (2011-12). 

3.2.4.1.2 Gait 

In unadjusted models for gait speed we observed associations in the male subgroup at HBS17, and 

significant associations persisted into model 2 (adjusted for age, height and BMI) at the HBS17 time 

points, and into the fully adjusted model 3 (adjusted for age, height, BMI, social class, physical activity, 

prudent diet, ever smoked regularly and alcohol consumption) (β= (-0.04 (-0.09,-0.00), p<0.05). To 

contextualise, for males we found that for each standard deviation increase in GrimAge acceleration 

Z-score, there is a 0.04m/s reduction in gait speed.  This trend is seen in quartiles of GrimAge 

acceleration in Figure 20. In the female subgroup the only significant association for gait speed was at 

the EPOSA timepoint in unadjusted analyses, and was not robust to adjustment for covariates. 



 

Figure 20: Mean and 95% confidence intervals for gait speed against GrimAge acceleration quartiles 

in males at HBS17 (2017) 

  

Figure 21: Musculoskeletal variable Z-scores at EPOSA and HBS17 timepoints in males, associations 

with GrimAge acceleration.  



 

85 

Adjusted for age, height and BMI. 

  

Figure 22: Change in musculoskeletal variable Z-scores at EPOSA and HBS17 timepoints in males and 

females, associations with GrimAge acceleration.  

Adjusted for age, height and BMI. 

 

3.2.4.2 PhenoAge acceleration findings 

The specific findings for regressions of maximum grip strength and gait speed with PhenoAge 

acceleration are shown in Appendix 12. 

Significant associations at the EPOSA timepoint were observed in males between PhenoAge 

acceleration and grip strength in unadjusted models, and those adjusted for age, height and BMI (β= 

-1.05 (-1.94,-0.16), p<0.03). This suggests that, per standard deviation increase in PhenoAge 

acceleration Z-score, there is a 1.05kg loss in maximum grip strength. 

PhenoAge acceleration was significantly associated with gait speed at the HBS17 in males in 

unadjusted models (β= -0.04 (-0.07,-0.01), p<0.01) and in fully-adjusted models (β= -0.04 (-0.07,-0.00), 

p=0.04). To provide context, this suggests that for each standard deviation increase in HorvathAge 



acceleration Z-score, there was an association with a 0.04 m/s slower gait speed in the males tested 

at the HBS17 timepoint. 

 

3.2.4.3 HorvathAge acceleration findings 

The specific findings for regressions of maximum grip strength and gait speed with HorvathAge 

acceleration are shown in Appendix 13. 

No significant associations at any timepoint were observed between HorvathAge acceleration and 

maximum grip strength. HorvathAge acceleration was significantly associated with cross-sectional gait 

speed at baseline in the female members of the cohort who had the gait speed at this timepoint  in 

unadjusted and fully-adjusted models (n=98) (β= -0.03 (-0.06,-0.00), p<0.03). To provide context, this 

suggests that for each standard deviation increase in HorvathAge acceleration Z-score, there was a 

cross-sectional association with a 0.03 m/s slower gait speed in the females tested. 

 

3.2.4.4 Epigenetic age acceleration vs Change in maximum grip strength 

Associations for absolute change and percentage change in grip strength were examined for all three 

epigenetic age acceleration measures at three time intervals; from HCS baseline (1998-2004) to EPOSA 

(2011-12), from HCS baseline (1998-2004) to HBS17 (2017) and from EPOSA (2011-12) to HBS17 

(2017).  

No significant associations were observed in unadjusted or fully-adjusted  models for the HCS baseline 

to EPOSA or HCS baseline to HBS17 time intervals. There were significant associations for absolute 

change in females for the EPOSA to HBS17 time intervals, for PhenoAge acceleration (β= 0.98 

(0.11,1.85), p<0.03) and HorvathAge acceleration (β= 0.98 (0.10,1.86), p=0.03) in models adjusted for 

age, height and BMI; however, these were not robust to full adjustment.  

3.2.4.5 Epigenetic age acceleration vs Change in gait speed 

It should be noted that HCS baseline measures of gait speed were limited to a small subset of the HCS 

baseline population and so numbers of participants for analyses including this timepoint will lack 

statistical power. 
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At the HCS baseline to EPOSA time interval (n=77, only females) the only significant finding was 

between GrimAge acceleration and percentage gait speed change in females (β=-5.32 (-10.33,-

0.31)p<0.05); however, this was not robust to adjustment for covariates. 

No significant associations were observed for epigenetic age acceleration measures and either 

absolute or percentage change in gait speed between HCS baseline to HBS17 (n=41, only females) or 

EPOSA to HBS17 (n=175, 90 males, 85 females). These results can be seen in Appendix 14 and 

Appendix 15. 

 

3.2.5 Epigenetic age acceleration vs DXA bone mineral density outcomes 

 

Figure 23: Schema showing the timing of the clock exposure and musculoskeletal outcomes for this 

section 

 

The DXA BMD outcomes investigated in association with GrimAge, PhenoAge and HorvathAge 

acceleration variables, were total spinal BMD, total femoral BMD and total femoral neck BMD. These 

were measured at HCS baseline, EPOSA and HBS17 (Figure 23). The results are shown in Appendix 16, 

Appendix 17 and Appendix 18. 

3.2.5.1 Total spinal BMD 

Total spinal BMD at baseline was associated with GrimAge acceleration in unadjusted models in 

females; however, this association was not robust to adjustment for covariates. No associations were 

observed for total spine BMD with PhenoAge acceleration or HorvathAge acceleration. 

3.2.5.2 Total femoral BMD 

No significant associations were observed between cross-sectional or longitudinal values of total 

femoral BMD and GrimAge acceleration, PhenoAge acceleration or HorvathAge acceleration. 



3.2.5.3 Change in total femoral BMD 

In males, in fully-adjusted models, significant associations were observed between GrimAge 

acceleration and percentage change in total femoral BMD between baseline and HBS17 (β= -2.68 (-

5.03,-0.33), p<0.03). In females, a significant association was observed between baseline GrimAge 

acceleration and percentage change from EPOSA to HBS17 (β= -1.67 (-3.29,-0.06), p<0.05, in the fully-

adjusted model) (Figure 22). This suggests that for each standard deviation increase in GrimAge 

acceleration Z-score there is a 1.7% gain in total femoral BMD over the period of follow-up. 

No significant associations with change in total femoral BMD were seen for PhenoAge acceleration or 

HorvathAge acceleration. 

3.2.5.4 Total femoral neck BMD 

Significant associations with total femoral neck BMD were seen in females for PhenoAge acceleration 

and baseline (β= 0.02 (0.00, 0.03), p<0.02) and EPOSA (β= 0.02 (0.00, 0.04), p<0.03) timepoints and 

for HorvathAge at baseline (β= 0.02 (0.01, 0.03), p<0.01), EPOSA (β= 0.02 (0.00, 0.04), p<0.05) and 

HBS17 (β= 0.04 (0.01, 0.07), p<0.02) timepoints. Note that the direction of association is opposite to 

that expected and the effect sizes are small (indicating that for every standard deviation increase in 

PhenoAge acceleration or HorvathAge acceleration there is a increase of between 0.01 to 0.04g/cm2 

in total femoral neck BMD, depending on the timepoint of the measurement.  

No significant associations were observed with total femoral neck BMD and GrimAge acceleration. 

3.2.5.5 Change in Total femoral neck BMD 

Percentage change in total femoral neck BMD from baseline to EPOSA was significantly associated 

with GrimAge acceleration in males (β= 1.86(0.02,3.70), p<0.05) in fully-adjusted analyses indicating 

a 1.9% reduction in BMD for every standard deviation increase in GrimAge acceleration.. 

 

 

 



 

89 

3.2.6 Epigenetic age acceleration vs HR-pQCT  

Bone microarchitecture was assessed (at the EPOSA 2011-12 timepoint) at the tibia and radius using 

the variables of trabecular density (to assess the trabecular compartment), volumetric BMD (vBMD) 

and cortical thickness (to assess the cortical compartment). 

There were no significant associations in the fully-adjusted models except between HorvathAge 

acceleration and tibial cortical thickness in females (β= 35.56 (6.91,64.21), p<0.02) with higher age 

acceleration being associated with higher cortical thickness (a 35.56μm increase per standard 

deviation increase in HorvathAge acceleration Z-score). This can be seen in Appendix 21. 

In order to examine further the above association between HorvathAge acceleration and tibial cortical 

thickness, we investigated tibial cortical thickness on pQCT slices at the tibia (from the EPOSA 2011-

12 timepoint).  

HorvathAge acceleration was significantly associated with tibial cortical thickness at the 14% (β= 0.09 

(0.03,0.15), p=0.004) and 38% (β= 0.11 (0.01,0.21), p=0.03) slices in females alone. This can be seen in 

Appendix 22. This was smaller than the association observed for HR-pQCT but was still significant. 

Associations between epigenetic age acceleration variables (from HCS baseline in 1998-2004) and 

percentage change in HR-pQCT variables between EPOSA (2011-12) and HBS17 (2017) were examined 

(Figure 24). The resulting beta coefficients and p-values are presented from unadjusted and fully-

adjusted models (age, height, BMI, social class, physical activity, dietary calcium, smoking, alcohol, 

fracture and follow-up time). Greater GrimAge acceleration (β= -1.09 (-2.15,-0.02), p<0.05) and 

HorvathAge acceleration (β= -1.17 (-1.99,-0.36), p<0.01) were significantly associated with reduced 

decline in radial trabecular density over the period of follow-up, in males only. No other associations 

were observed for percentage change in HR-pQCT variables. A selection of these results can be seen 

in 



 

Figure 24: Schema showing the timing of the clock exposure and musculoskeletal outcomes for 

this section 

 

3.2.7 Epigenetic age vs body composition 

The results of linear regression models investigating the association between epigenetic age 

acceleration variables and outcomes related to body composition as measured by DXA (at the 

EPOSA and HBS17 timepoints, Figure 25) including appendicular (arm and leg) lean (muscle) mass 

and are depicted in the Appendix 24. The results shown are for sex-stratified, unadjusted models 

and those adjusted for age, height, social class, physical activity, prudent diet, ever smoked 

regularly and alcohol consumption. Note that models with body composition as the outcome did 

not include BMI due to collinearity. 

 

Figure 25: Schema showing the timing of the clock exposure and musculoskeletal outcomes for 

this section 

 

3.2.7.1 Appendicular Lean mass 

At the EPOSA (2011-12) timepoint, associations between GrimAge acceleration and lean mass were 

only observed in females and were robust to adjustment (β= 118.84 (1.23,236.45), p<0.05). This 

suggests that for every standard deviation increase in GrimAge acceleration Z-score, there is a  

increase of 119 grams of appendicular lean mass in females.  

Note that the associations with lean mass are counter to the expected direction, with greater 

GrimAge acceleration being associated with greater lean mass. Neither HorvathAge acceleration 
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nor PhenoAge acceleration were significantly associated with appendicular lean mass. No 

significant associations were observed at the HBS17 (2017) timepoint. 

3.2.7.2 Total fat mass 

Once again, at the EPOSA (2011-12) timepoint, associations between GrimAge acceleration and 

total fat mass were only observed in females and were robust to adjustment (β= 2.2 (0.38,4.08) 

p<0.02). Again, the direction of association indicated that greater GrimAge acceleration was 

associated with greater fat mass (with a 2.2kg increase in fat mass for each standard deviation 

increase in GrimAge acceleration Z-score). At the same timepoint, PhenoAge acceleration was 

significantly associated with total fat mass in unadjusted and adjusted models (β= 1.5 (0.28,2.75) 

p<0.02). No significant associations were observed at the HBS17 (2017) timepoint (Appendix 25). 

3.2.8 Sensitivity analyses 

Sensitivity analyses were performed to investigate the effect of taking bisphosphonates on the 

associations observed between epigenetic age acceleration and bone outcomes (bone 

microarchitecture and DXA BMD). These did not substantially alter the results as seen in Appendix 

19, Appendix 20 and Appendix 22). For tibial cortical thickness, the significance for fully-adjusted 

analyses (β=35.6μm p=0.02) was attenuated by adjustment for bisphosphonate usage (β=27.7μm 

p=0.08) suggesting some influence of the medication in these analyses. However, this was not 

replicated in pQCT analyses for tibial cortical thickness (Appendix 22). 

Similar to the previous results chapter, the reason for this lack of effect may be that adjustment for 

bisphosphonate is an overadjustment as it identifies those with poorer bone health, the same group 

we are attempting to identify through skeletal imaging. 

An outlier for PhenoAge was identified via histograms (Appendix 10 and Appendix 11). PhenoAge 

acceleration associations which had been observed to be significant with all participants included 

were repeated with the outlying individual excluded. Excluding this outlier did not substantially 

affect the adjusted results (as seen in Appendix 26), except for attenuating the association between 

PhenoAge acceleration and total fat mass in males at the EPOSA timepoint (β=1513g p=0.02 with 

outlier included, β=68g, p=0.90 with outlier excluded) and a borderline significant result for 

appendicular lean mass at the HBS17 timepoint (β=-131g p=0.06 with outlier included, β=-162g, 

p=0.049 with outlier excluded).  

From the main analyses few associations with PhenoAge acceleration were significant, though it 

does appear that the outlier was driving the association with total fat mass in males. 



3.2.9 Results summary 

The key findings from this chapter included that the HCS appears to be a biologically young cohort 

when using the GrimAge and PhenoAge clocks.  

We also found that epigenetic age acceleration was significantly lower for those samples analysed 

with the 450k array that the EPIC (850k array). This had an impact on our analyses and necessitated 

the conversion of epigenetic age acceleration raw values to Z-scores, which were then used for 

downstream regressions. 

For muscle outcomes, GrimAge acceleration at baseline significantly predicted future grip strength 

(EPOSA) and gait speed (HBS17) with higher acceleration predicting lower outcomes in males alone. 

The same relationship was observed for PhenoAge acceleration which was associated with future 

gait speed (HBS17), again in males. For the HorvathAge acceleration measure, only cross-sectional 

(HCS baseline) associations were observed for gait speed in females alone.  

For bone outcomes, counter-intuitive significant relationships were observed in females alone. 

PhenoAge acceleration and HorvathAge acceleration were consistently associated with total 

femoral neck BMD across timepoints; however the association was such that greater age 

acceleration was linked to higher total femoral neck BMD. The same direction of associations was 

observed for cortical thickness and was consistent across scan modalities (including HR-pQCT and 

pQCT at the EPOSA timepoint). This asks important questions of which facets of biological ageing 

are being captured by the epigenetic clocks, particularly in the female sex. It is important to 

consider the role treatment may have played in altering bone microarchitecture, as the general 

practitioners of those individuals noted (on DXA BMD) to be osteoporotic at HCS baseline and 

EPOSA were informed of the results. This may have led to treatment which may have influenced 

our results. However, the influence of anti-resorptive therapy was shown not to be significant in 

sensitivity analyses. 

Body composition associations too were mainly observed in females with greater epigenetic age 

acceleration associated with higher appendicular lean mass and higher fat mass. In particular, 

GrimAge acceleration was associated with higher appendicular lean mass and total fat mass. 

PhenoAge acceleration was associated with higher fat mass in males; however, sensitivity analyses 

suggest that this association was being driven by an outlier for PhenoAge acceleration .  

Change in outcomes was generally not predicted by epigenetic age acceleration except for bone 

measures including total femoral BMD change between HCS baseline (1998-2004) and HBS17 

(2017) in males, and between EPOSA (2011-12) and HBS17 (2017) in females (as discussed above). 

For bone microarchitecture, greater loss of radial trabecular density (at EPOSA) was predicted by 

higher HorvathAge acceleration at baseline in males. However, it is note-worthy that change in 
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trabecular density was the only variable associated with fracture in our descriptive analysis in the 

previous results section and may indicate a particular role for this parameter in fracture associated 

with biological ageing. 

In females, it may be the case that bone relationships were, in part, driven by adiposity. For 

example, given that higher GrimAge acceleration was associated with higher percentage change in 

BMD at the femoral neck and that higher GrimAge acceleration was associated with higher fat mass 

(as seen in the directed acyclic graph in Figure 26) it may be the association between GrimAge 

acceleration and BMD change in females is mediated by adiposity. The counter to this is that 

measures of adiposity (BMI) were included as covariates for analyses of GrimAge acceleration and 

BMD and the association still persisted. 

 

Figure 26: A directed acyclic graph demonstrating the relationship between GrimAge acceleration, 

fat mass and change in total femoral neck bone mineral density 

The implications of these findings will be discussed further in the Discussion chapter. 

 

  



3.3 EWAS of maximum grip strength and total femoral neck BMD 

In this results chapter the associations between methylation levels at CpG sites across the EPIC 

array and two of the key parameters in assessing musculoskeletal ageing; maximum grip strength 

(a key constituent of sarcopenia) and total femoral neck bone mineral density (BMD) (a key 

determinant of fragility fractures) are examined. 

The methods for ascertaining these outcomes are described in the Methods chapter, but to briefly 

re-cap: 

• maximum grip strength was measured using a dynamometer, with three readings taken 

from each hand and the maximum grip strength recorded (in kilograms) 

• total femoral neck BMD was measured using dual X-ray absorptiometry (DXA) of the 

femoral neck and refers to the minimum BMD recorded in either hip (right or left) in g/cm2) 

These measures were recorded at the baseline HCS visit (1998-2004) at the same time as the blood 

samples were collected for DNA extraction and, latterly, methylation array. The associations 

examined are therefore cross-sectional (Figure 27). 

Analyses for the 334 participants included epigenome-wide association study for differential 

methylation at CpG sites, followed by pathway analysis and gene ontology of the most significant 

CpG sites. 

 

Figure 27: Schema showing the timing of the clock exposure and musculoskeletal outcomes for 

this section 

 

3.3.1 Demographics 

The demographics of this subset of the HCS population are depicted in Table 16. The subset 

included 167 males and 167 females with a mean age of 64.2 (SD 2.6) and 65.9 (SD 2.8) years 
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respectively. Males demonstrated greater grip strength with a mean maximum grip of 44.8kg (SD 

7.0) compared to 27.3kg (SD 4.8) for females. Males were also taller and heavier in terms of weight. 

However, measures of adiposity such as BMI and weight for height residual (mean weight-for-

height residual -0.1 for both males and females) did not differ significantly across the sexes. 

In terms of lifestyle factors, men were more likely to have ever smoked and tended to drink more 

alcohol. Physical activity did not differ substantially across the sexes with mean Dallosso scores of 

63.8 (SD 14.4) for males and 61.8 (SD 13.6) for females. 

For diet, dietary calcium consumption was similar for males and females at 8000-9000mg and mean 

prudent diet score was lower for males at -0.6 (SD 1.9) than for females at 1.0 (SD 1.7).  

Just over half of participants had a background of working in a manual occupational social class. 

 

 

  



 

 

Table 16: Summary and descriptive statistics for the 334 participants included in the epigenome-

wide analyses. 

 

3.3.2 EWAS model description 

Four EWAS models were performed as listed in Table 17, all of which were adjusted for cell count 

composition of the sample (including B lymphocytes, CD4+ T lymphocytes, CD8+ T lymphocytes, 

monocytes, natural killer cells) and array. The models included a model which contained no further 

adjustments (Model 1), a model with adjustment for age and sex (Model 2). 

Further models were performed for sensitivity including a model with adjustment for age, sex, 

height and weight for height residual (as a measure of adiposity) (Model 3) and a model with 

adjustment for age, sex, height, weight for height residual, occupational social class (manual vs non-

manual labour), physical activity (Dallosso score157), diet (prudent diet score for grip strength 

analyses and dietary calcium for BMD analyses), smoking status (ever having smoked regularly) and 

alcohol consumption (an ordinal variable of units/week) (Model 4). 

Participant characteristic [Mean (SD) or N(%)] Male (n=167) Female (n=167)

Maximum baseline grip strength (kg) 44.8 (7.0) 27.3 (4.8)

Femoral neck est. BMD (g/cm2) 0.86 (0.12) 0.76 (0.11)

Age at HCS baseline clinic (years) 64.2 (2.6) 65.9 (2.8)

Age at HCS baseline DXA scan (years) 64.7 (2.6) 66.6 (2.8)

Height (cm) 174.3 (6.7) 161.3 (6.1)

Weight (kg) 81.4 (11.5) 70.0 (13.2)

BMI (kg/m2) 26.8 (3.6) 26.9 (4.7)

Weight-for-height residual -0.1 (0.9) -0.1 (1.0)

Ever smoked regularly 92 (55.1%) 61 (36.5%)

Alcohol consumption bands (units per week)

Non-drinker 2 (1.2%) 25 (15.0%)

V Low (0/<1 M&F) 18 (10.8%) 49 (29.3%)

Low (1-10M,1-7F) 67 (40.1%) 73 (43.7%)

Moderate (11-21M,8-14F) 44 (26.3%) 18 (10.8%)

F High (22-35M, 15-21F) 17 (10.2%) 2 (1.2%)

High (>35 M >21 F) 19 (11.4%) 0 (0.0%)

Dallosso physical activity score 63.8 (14.4) 61.8 (13.6)

Dietary calcium (mg) 8695.6 (2147.6) 8028.0 (2468.8)

Prudent diet score -0.6 (1.9) 1.0 (1.7)

Occupational social class (manual) 90 (56.3%) 92 (55.1%)
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Table 17: EWAS models and covariates included in adjustment 

In terms of outcomes, maximum grip strength was log transformed (due to the bimodal distribution 

of grip across the sexes, with grip being higher in males than females leading to the two peaks seen 

in Figure 28). 

In terms of covariates, the majority had a normal distribution except for dietary calcium intake 

which required log transformation due to right skewing of the distribution (see Figure 29). 

 

  

  

EWAS model Adjustments

1 Cell composition
Array

2 Cell composition
Array

Age
Sex

3 Cell composition
Array

Age
Sex

Height
Weight for height 
residual

4 Cell composition
Array

Age
Sex

Height
Weight for height 
residual

Occupational social class
Physical activity
Diet
Smoking status
Alcohol consumption



 

Figure 28: Histogram of maximum grip strength.  

This figure shows the distribution of maximum grip strength (kg) at HCS baseline 

against frequency density. There is a bimodal distribution with peaks at 

approximately 27 and 47 due to the sex-specific distribution for females and males 

respectively. For this reason, maximum grip strength was log-transformed for some 

analyses. 

 

Figure 29: Histogram of dietary calcium intake.  

This figure depicts the distribution of dietary calcium intake (mg) at HCS baseline 

against frequency density. The distribution is significantly skewed to the right. 

Grip strength (kg)

Dietary calcium intake (mg)
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3.3.3 Inflation 

Levels of genomic inflation were calculated for each EWAS model and are shown in Table 18. This 

is a parameter which assesses the systematic biases within a dataset by dividing the observed chi-

squared test statistic by the expected chi-squared test statistic and was calculated by lambda 

statistics (and visualised via Quantile-Quantile-plots (QQ-plots)). A lambda of 1.4 is seen in model 1 

for maximum grip strength and a lambda of 1.16 is observed in model 1 for total hip bone mineral 

density. Otherwise, lambdas for all other models are <1.1 and are therefore acceptable222. 

 

Table 18: Levels of genomic inflation for each model in each EWAS.  

Moderate inflation is observed in model 1 for maximum grip strength but otherwise 

levels of inflation are acceptable. 

 

3.3.4 EWAS results: maximum grip strength 

3.3.4.1 Model 2  

For 334 participants, in the model which adjusted for age, sex, cell composition and array there 

were two CpG sites which reached the false discovery rate (FDR) less than 0.05 including 

cg08073934 (log2 fold-change = 0.0004, adjusted p-value = 0.02) lying in a north shore region 

associated with the gene SDK1 on chromosome 7. This can be interpreted as a 0.0004 log2 fold-

change in expression for each kilogram increase in grip strength, which equates to a 0.0003% 

increase in methylation (beta-value) for each kilogram increase in grip strength ( as 2^0.0004 = 

1.0003).  

 The locus cg00960509 was also significantly associated with grip strength (log2 fold-change = -

0.0006, adjusted p-value = 0.02), lying in a CpG island associated with the 5’ end of the gene ECE1 

on chromosome 1 (see Appendix 27).The log2 fold-change here can be interpreted as a -0.0006 

log2 fold-change in expression for each kilogram increase in grip strength, which equates to a 

0.0004% decrease in methylation (beta-value) for each kilogram increase in grip strength ( as 

2^0.0004 = 1.0003). These results can be seen in Table 19 and Figure 30.  

Model 1 2 3 4

Maximum grip strength 1.439 1.058      1.009 1.032

Total femoral neck 

mineral density 
1.164 1.033 1.025 1.095



 

 

Table 19: The five CpG sites with the lowest p-values (and thus highest significance) for the model 

2 EWAS of maximum grip strength.  

Red highlighting indicates statistical significance (adjusted p-value<0.05). Model 2 

adjusting for age, sex, cell composition and array. 

 

Figure 30: Manhattan plot for the EWAS of maximum grip strength in model 2  

Model 2 adjusted for age, sex, cell composition and array with all 334 participants 

included. As can be seen, there are two differentially methylated CpG sites which lie 

beyond the False Discovery Rate (FDR) red line; which lie in the genes ECE1 and SDK1 

respectively. 

CpG site p-value Adjusted p-value Gene name

cg08073934 5.31E-08 0.02 SDK1

cg00960509 6.59E-08 0.02 ECE1

cg19333996 3.62E-07 0.08 KIAA1549

cg26541517 6.57E-07 0.11 SIAH3

cg06316092 2.01E-06 0.23 unclassified
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3.3.4.2 Sensitivity models 3 and 4 

In the models 3 (adjusted for age, sex, height, weight for height residual, cell composition and 

array) and 4 (for 327 participants (due to 7 missing values in occupational social class) adjusted for 

age, sex, height, weight for height residual, occupational social class, physical activity, prudent 

diet score, smoking status, alcohol consumption, cell composition and array). None of the 

differentially methylated CpG sites met FDR criteria; however, cg00960509 in the ECE1 gene was 

the site consistently observed in the lowest p-values as can be seen in Table 20 and Table 21. 

 

 

Table 20: The five CpG sites with the lowest p-values (and thus highest significance) for the model 

3 EWAS of maximum grip strength.  

(adjusting for age, sex, height, weight for height residual, cell composition and array)  

 

 

Table 21:  The five CpG sites with the lowest p-values (and thus highest significance) for the model 

4 EWAS of maximum grip strength  

(adjusting for age, sex, height, weight for height residual, occupational social class, 

physical activity, diet, smoking status, alcohol consumption, cell composition and 

array). 

 

CpG site p-value Adjusted p-value Gene name

cg04010817 1.19E-06 0.31 unclassified

cg00960509 1.62E-06 0.31 ECE1

cg06590119 2.12E-06 0.31 VPS53

cg19680388 2.80E-06 0.31 THYN1

cg18537410 3.41E-06 0.31 DNAJC11

CpG site p-value Adjusted p-value Gene name

cg26541517 1.22E-06 0.248123 SIAH3

cg16280667 1.24E-06 0.248123 CXCR5

cg06590119 1.37E-06 0.248123 VPS53

cg20424584 1.59E-06 0.248123 unclassified

cg00960509 2.03E-06 0.248123 ECE1



3.3.5 Pathway and gene ontology for maximum grip strength 

The Enrichr (https://maayanlab.cloud/Enrichr/) platform was used for pathway and gene ontology 

analysis.  

Investigation of the CpG sites with lowest p-value (<1x10-5) from model 2 was performed with the 

associated genes (n=17 genes) and repeated for the genes associated with 100 CpG sites with the 

lowest p-values (n=70 genes) to increase the pool of genes for these exploratory analyses (both 

listed in Appendix 29).  

It should be noted that the number of genes in the first subset (those with a p-value<1x10-5) is fairly 

small and that, although the second subset includes the genes with the lowest p-value, only one of 

these reached the pre-set, epigenome-wide threshold for significance206. The findings of these and 

latter, exploratory analyses should, therefore, be considered within the context of these limitations. 

Model 4 (adjusted for age, sex, height, weight for height residual, occupational social class, physical 

activity, prudent diet score, smoking status, alcohol consumption, cell composition and array) was 

used for sensitivity analyses. 

P-values are derived from Fisher’s exact test and statistical significance in this context is 

represented by an adjusted p-value<0.05. This would indicate that a cluster of genes appearing in 

a particular pathway is not likely to have occurred by chance alone. The adjustment in this case 

refers to a p-value which has been adjusted for the number of tests. All quoted p-values are 

therefore adjusted p-values. Odds ratios in these analyses refer to the odds that a particular term 

(gene ontology term or pathway term) appears in a list of differentially methylated genes divided 

by the odds that the same term appears in a list of all genes of a given gene set. 

 

3.3.5.1 Pathway and gene ontology for maximum grip strength model 2 

3.3.5.1.1 Pathway analysis 

In pathway analysis (KEGG 2021) for model 2 and using the p<1x10-5 subset, there were no 

significant associations, although ‘caffeine metabolism’ had the lowest p-value (adjusted p= 0.19). 

In the subset using the 100 most significant CpG sites ‘caffeine metabolism’ was the most strongly 

associated pathway but again the association was not statistically significant (adjusted p= 0.28). 

3.3.5.1.2 Gene ontology analysis 

Examining the gene ontology of the p<1x10-5 subset, there were no significant associations for 

biological process, molecular function, cellular component or human phenotype gene ontology. 

When using the genes associated with the 100 CpG sites with the lowest p-value there was a 

https://maayanlab.cloud/Enrichr/


 

103 

significant association for purine ribonucleotide catabolic process (adjusted p=0.049) in the 

biological process gene ontology (driven by the genes NT5E and XDH) and borderline for P-type 

calcium transporter activity (adjusted p=0.049) and P-type calcium ion activity (adjusted p=0.053) 

(both driven by the genes ATP2B2, ATP2C2). No significant associations were observed for cellular 

component or human phenotype gene ontologies. 

3.3.5.2 Pathway and gene ontology sensitivity analysis for maximum grip strength 

Model 4 (including adjustments for age, sex, height, weight for height residual, occupational social 

class (manual vs non-manual labour), physical activity (Dallosso score157), diet (prudent diet score), 

smoking status (ever having smoked regularly) and alcohol consumption (an ordinal variable of 

units/week) was used for sensitivity analysis. 

For the extended subset (including all genes associated with the 100 CpG sites with the lowest p-

values, n=68 genes) there were no significant findings for pathway analysis or gene ontology. Of 

interest, ‘slender build’ was the most strongly associated human phenotype gene ontology, though 

the association did not reach statistical significance (adjusted p=0.07). Those relating to 

oxidoreductase activity, FMN, Flavin adenine dinucleotide, NADP and NADPH binding were driven 

by the MTRR gene, those relating to chemokine binding and receptor activity were driven by gene 

CXCR5, diacylglycerol kinase and phosphotransferase activity by DGKI, ubiquitin conjugating 

enzyme activity by SIAH3 and syntaxin binding by SCFD2. 

For the subset including only those CpG sites with a p-value <1x10-5 (n=10 genes), there were no 

significant associations for KEGG pathway analysis; however, there were 16 significant association 

with molecular functions relating to metabolism (Table 22). The odds ratios in this table (and in all 

gene ontology or pathway analyses) refer to the odds that a particular term (gene ontology term or 

pathway term) appears in a list of differentially methylated genes divided by the odds that the same 

term appears in a list of all genes of a given gene set. In this case, the large odds ratios (171 to 555) 

are likely due to the fact that that number of differentially methylated genes (associated with CpG 

sites with a p-value <1x10-5) is low at a total of 10, compared to the size of the gene set (for gene 

ontology molecular function) which is over 20,000 genes.  

 



 

Table 22: The five most significant molecular function gene ontologies for maximum grip strength 

model 4  

(for genes associated with CpG sites with a p<1x10-5) 

 

Human phenotype ontology revealed a network of conditions, a large proportion of which were 

involved in metabolic processes (see Figure 31). Those relating to homocysteine, aspartate, vitamin 

B, methionine metabolism and megaloblastic anaemia were particularly driven by the gene MTRR, 

opisthotonus by VPS53 and dysautonomia by ECE1. 

 

 

Figure 31: Network analysis of human phenotype gene ontology (for model 4 maximum grip 

strength EWAS CpG sites with p<1x10-5 (n=10 genes)).  

Each node is representative of a phenotype term and a line linking two nodes 

suggests similarity between the ontology of the phenotypes. 

3.3.6 Total femoral neck bone mineral density 

In models for total hip bone mineral density, there were no differentially methylated CpG sites 

which met the FDR threshold; however, cg02389067 was consistently in the top 5 lowest p-values 

for each models 2,3 and 4, with a lowest p-value of 0.12 for model 4 (see Table 23, Table 24 and 

CpG site p-value

Adjusted p-

value Odds Ratio

Oxidoreductase activity, acting on metal ions, NAD or NADP as acceptor 0.002 0.04 555

Oxidoreductase activity, acting on NADPH, heme protein as acceptor 0.004 0.04 371

Diacylglycerol kinase activity 0.006 0.04 222

FMN binding 0.006 0.04 222

NADPH binding 0.007 0.04 171
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Table 25). cg02389067 lies in a CpG island in the promoter region at the 5` end of GNA13 on 

chromosome 17 (see Appendix 28). 

 

Table 23: The five CpG sites with the lowest p-values (and thus highest significance) for the model 

2 EWAS of total hip bone mineral density.  

(adjusting for age, sex, cell composition and array)  

 

 

Table 24: The five CpG sites with the lowest p-values (and thus highest significance) for the model 

3 EWAS of total hip bone mineral density.  

(adjusting for age, sex, height, cell composition and array) 

 

 

Table 25: The five CpG sites with the lowest p-values (and thus highest significance) for the model 

4 EWAS of total hip bone mineral density.  

(adjusting for age, sex, height, weight for height residual, dietary calcium, physical 

activity, smoking history, alcohol consumption, cell composition and array)  

CpG site p-value Adjusted p-value Gene name

cg13989810 1.80E-07 0.13 DPP6

cg24320640 6.79E-07 0.25 ARHGEF4

cg02389067 1.84E-06 0.37 GNA13

cg02547916 2.53E-06 0.37 unclassified

cg20668718 2.91E-06 0.37 JAKMIP2

CpG site p-value Adjusted p-value Gene name

cg02389067 9.84E-07 0.39 GNA13

cg06590119 2.58E-06 0.39 JAKMIP2-AS1

cg13658885 2.50E-06 0.39 VPS53

cg04190734 2.66E-06 0.39 HSPC072

cg10795509 2.51E-06 0.39 MAPK8IP3

CpG site p-value Adjusted p-value Gene name

cg02389067 2.30E-07 0.12 GNA13

cg13658885 3.27E-07 0.12 MAPK8IP3

cg10795509 1.14E-06 0.28 HSPC072

cg15651650 1.58E-06 0.29 unclassified

cg04190734 2.52E-06 0.31 JAKMIP2-AS1



 

3.3.6.1 Pathway and gene ontology analysis for total femoral neck BMD 

Similar to the approach used for grip strength, pathway analysis and gene ontology analysis for total 

femoral neck BMD focused on EWAS model 2 (adjusted for age, sex, cell composition and array) 

using genes associated with CpG sites which had a p-value<1x10-5 (n=14). The majority of analyses 

(except molecular function gene ontology) failed to reach statistical significance so further analyses 

were performed using genes associated with the 100 CpG sites with the lowest p-values (see 

Appendix 30 for list for genes) (n=72). Additional sensitivity analyses were performed to investigate 

the effect of including all covariates in the EWAS model (model 4) for genes associated with the 

CpG sites with p-value<1x10-5. These analyses are subject to the same limitations, in terms of 

numbers of genes and lack of statistical significance, which are described for the grip strength 

epigenome-wide analyses. 

3.3.6.1.1 Pathway and gene ontology for total femoral neck BMD model 2 

3.3.6.1.1.1 Pathway analysis 

Pathway analysis for genes associated with CpG sites with p-value<1x10-5 using KEGG 2021 

highlighted pathways including ‘cGMP-PKG signalling pathway’ (due to genes GNA14, PDE2A), 

‘pathogenic E.coli infection’ (GNA13, MYO1E) and ‘regulation of actin cytoskeleton’ (GNA13, 

ARHGEF4) though none of these reached statistical significance (adjusted p=0.058 for all). 

This pathway analysis was repeated using the 100 CpG sites with the lowest p-values and 

demonstrated statistically significant enrichment for ‘phospholipase D signalling pathway’ (due to 

genes GNA13, PDGFD, AKT3, RRAS2, DNM2) (adjusted p=0.01) and ‘regulation of actin cytoskeleton’ 

(genes GNA13, PDGFD, RRAS2, ARHGEF4, ITGA7, BAIAP2) (adjusted p=0.01). Statistical significance 

in this case indicates that the clusters of genes appear in the particular pathway by more that would 

be expected due to chance alone. The pathway diagrams with the proteins expressed by the above 

genes are seen in Figure 32 and Figure 33. These demonstrate roles for the associated genes in the 

cAMP signalling pathway, the Ras signalling pathway, the P13k -Akt signalling pathway, the calcium 

signalling pathway and endocytosis elements of the ‘phospholipase D signalling pathway’. For the 

‘regulation of actin cytoskeleton’ the key involvement of the above genes is in G-protein coupled 

chemotaxis, actin polymerisation and lamellipodia formation. 
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Figure 32 The KEGG phospholipase D signalling pathway with proteins expressed from genes 

associated with the top 100 CpG sites associated with femoral neck BMD EWAS model 

2 (highlighted in red).  

These demonstrate roles for the associated genes in the cAMP signalling pathway, 

the Ras signalling pathway, the P13k -Akt signalling pathway, the calcium signalling 

pathway and endocytosis. 



 

Figure 33: The KEGG actin cytoskeleton regulation pathway with proteins expressed from genes 

associated with the top 100 CpG sites associated with femoral neck BMD EWAS model 

2 (highlighted in red).  

These demonstrate roles for the associated genes in G-protein coupled chemotaxis, 

actin polymerisation and lamellipodia formation. 

3.3.6.1.1.2 Gene ontology 

In the genes associated with CpG sites with a p<1x10-5 dataset, no significant associations were 

observed for biological process (regulation of intracellular signal transduction, adjusted p=0.06) or 

cellular component (MOZ/MORF histone acetyltransferase complex, adjusted p=0.1) ontologies or 

disease ontologies; however molecular function ontologies revealed significant enrichment for the 

TPR binding domain, dopamine receptor binding and 3’,5’-cyclic-GMP phosphodiesterase activity 

and other chloride channel activities (adjusted p=0.049) as shown in Table 26. 

In terms of human phenotype ontology, hip contracture, limited hip movement, truncal obesity and 

knee flexion contracture were all significantly associated when using the genes associated with CpG 

sites which had a p-value<1x10-5 (see Table 27) 

In the larger gene group (for the top 100 CpG sites) there were no significant associations in 

biological process, cellular component or molecular function gene ontology; however, for human 
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phenotype biconcave vertebral bodies were significantly associated (adjusted p=0.0003) as seen in 

the Manhattan plot below (Figure 34). 

 

 

Table 26: The biological function gene ontology for the genes associated with CpG sites with a 

p<<1x10-5 in model 2 EWAS for total femoral neck BMD.  

P-values, adjusted p-values and odds ratios demonstrate the significant of the 

biological function gene ontology (and GO: numbers) with significance indicated by 

an adjusted p<0.05. 

 

 

Table 27: The human phenotype gene ontology for the genes associated with CpG sites with a 

p<1x10-5 in model 2 EWAS for total femoral neck BMD.  

P-values, adjusted p-values and odds ratios demonstrate the significant of the 

biological function gene ontology (and GO: numbers) with significance indicated by 

an adjusted p<0.05. 

CpG site p-value Adjusted p-value Odds Ratio

TPR domain binding 0.003 0.049 384

Dopamine receptor binding 0.004 0.049 307

3’,5’-cyclic-GMP phosphodiesterase activity 0.004 0.049 256

Phosphate ion binding 0.007 0.049 171

Voltage-gated chloride channel activity 0.007 0.049 171

CpG site p-value Adjusted p-value Odds Ratio

Hip contracture 0.00005 0.004 238

Limited hip movement 0.0001 0.004 166

Truncal obesity 0.0001 0.004 145

Knee flexion contracture 0.0001 0.004 145

Abnormality of lateral ventricle 0.006 0.05 220



 

Figure 34: Manhattan plot demonstrating the level of significance for the association between 

human phenotypes and the genes associated with the top 100 CpG sites associated 

with femoral neck BMD EWAS model 2.  

The significant result (highlighted in red) is for the phenotype ‘biconcave vertebral 

bodies. 

3.3.6.2 Pathway and gene ontology sensitivity analysis for total femoral neck BMD 

Model 4 (including adjustments for age, sex, height, weight for height residual, occupational social 

class (manual vs non-manual labour), physical activity (Dallosso score157), diet (dietary calcium for 

BMD analyses), smoking status (ever having smoked regularly) and alcohol consumption (an ordinal 

variable of units/week) was used for sensitivity analysis.  

Investigation of the CpG sites with lowest p-value (<1x10-5) from model 4 was performed with the 

associated genes (n=18) and the genes associated with the lowest 100 p-values (n=79) (see gene 

lists in Appendix 30). 

No significant associations were observed for KEGG pathway analysis with either subset. Gene 

ontology did not demonstrate significant associations for biological process or cellular components 

in either set. Molecular function gene ontology was negative in the lowest 100 CpG site subset and 

there was a borderline association with collagen receptor activity, amidine-lyase activity and 

dopamine receptor activity (adjusted p=0.05 for each) in the p<1x10-5 subset. 
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3.3.7 Summary results 

3.3.7.1 Maximum grip strength EWAS 

The key muscle findings from this chapter are that, despite a relatively small population (n=334) we 

observed significant associations between grip strength and differential methylation at two CpG 

sites; cg08073934 (adjusted p-value = 0.02) lying in a north shore region associated with the gene 

SDK1 on chromosome 7 and cg00960509 (adjusted p-value = 0.02) lying in a CpG island associated 

the 5’ end of the gene ECE1 on chromosome 1 (in model 2, adjusted for age, sex, cell type and 

array). 

The finding for cg00960509 (associated with ECE1) was supported by the same CpG site being seen 

in the five most associated CpG sites in sensitivity EWAS models. The possible relevance of this 

finding will be addressed in the discussion chapter but the presence of the CpG in the promoter 

region increases the possibility that it may be involved in ECE1 gene expression. 

In downstream analyses of the maximum grip strength EWAS, there were no associations for 

pathway analysis, though gene ontology highlighted some potential associations with purine 

ribonucleotide catabolic process (adjusted p=0.049) in the biological process gene ontology (driven 

by the genes NT5E, XDH and PDE9A) and borderline for P-type calcium transporter activity 

(p=0.049) when using an extended gene set (taken form the 100 CpG sites with the lowest p-values). 

When performing sensitivity analyses using a fully-adjusted model (including age, sex, height, 

weight for height residual, dietary calcium, physical activity, smoking history, alcohol consumption, 

cell composition and array) for the genes associated with CpG sites with a p-value<1x10-5 significant 

associations were found for molecular function gene ontology (including a host of metabolic and 

inflammatory processes) and human phenotype ontology (including metabolic disorders).  

There are two substantial factors to consider in the above findings. 

The first is the issue of tissue specificity. The DNA for the EPIC (850k) array methylation analysis  

was extracted from peripheral blood leukocytes and so the pathways and ontologies associated are 

less likely to be related directly to muscle or bone but may influence the outcomes (maximum grip 

strength and total femoral neck bone mineral density) via systemic metabolic, signalling or 

inflammatory processes. 

The second relates to the two subsets of genes used: the ‘top 100’ and the ‘p<1x10-5’. Although a 

large number of significant associations for molecular function and human phenotype gene 

ontology were observed in sensitivity analyses, these were largely seen in the ‘p<1x10-5’ subset. 

This encompasses only 10 genes and so the associations with each ontology were being driven by 



only one gene. Although interesting, these findings may still be artefactual and thus will require 

further investigation in larger cohorts to determine whether these findings can be replicated. 

 

3.3.7.2 Total femoral neck BMD EWAS 

For total femoral neck BMD, there were no significant CpG associations identified via EWAS, 

although cg02389067 associated with the GNA13 gene was consistently observed to be in the 5 

lowest p-values for EWAS model 2 and sensitivity models 3 and 4.  

Pathway KEGG analysis demonstrated significant associations with ‘phospholipase D signalling 

pathway’ (due to genes GNA13, PDGFD, AKT3, RRAS2, DNM2) (adjusted p=0.01) and ‘regulation of 

actin cytoskeleton’ (genes GNA13, PDGFD, RRAS2, ARHGEF4, ITGA7, BAIAP2) (adjusted p=0.01) 

using EWAS model 2 and the ‘top 100’ subset of CpG sites. 

Human phenotype gene ontology demonstrated significant associations with musculoskeletal 

conditions of the hip (e.g. hip contracture, limited hip movement) and biconcave vertebral bodies, 

which may be indicative of vertebral fracture and osteoporosis. 

In the discussion chapter we will address these observations in light of biological plausibility, 

previous literature and the consideration of further work. 
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Chapter 4 Discussion 

Ageing presents one of the greatest challenges for the modern populace, with escalating health and 

care costs, expanding morbidity and increased mortality. The ageing of the musculoskeletal system 

is of particular importance as fractures and falls are associated with poor health outcomes. 

This doctoral project has sought to improve our understanding of the ageing phenotype by 

describing changes in the musculoskeletal system in an ageing cohort in the UK, to examine 

associations of parameters of musculoskeletal ageing with fracture, to test whether epigenetic age 

acceleration (as a novel biomarker of biological ageing) is predictive of the ageing musculoskeletal 

phenotype, and to investigate novel methylation marks which show association with key tenets of 

musculoskeletal ageing. 

 

4.1 Change in musculoskeletal parameters with ageing 

4.1.1 Change in bone microarchitecture 

Let us first consider tibial bone microarchitecture. We observed decreased trabecular density with 

increased trabecular area together with decreased cortical area, density and thickness. In terms of 

cortical pores we saw increases in cortical porosity and pore diameter and, globally, a decrease in 

total volumetric bone density.  

The above characteristics are aligned to the current theory of bone aging with trabecular bone loss 

and decreased cortical bone. The reason for widening trabecular area is potentially due to 

endocortical resorption with increases in trabecular area developing at the cost of thinning the 

cortex223. This process, in conjunction with failure in periosteal apposition of bone, is one of the 

primary causes of osteoporosis, bone fragility and increased risk of fracture224. 

Our finding that total volumetric density reduces with ageing, is the first time this has been 

demonstrated in a mixed-sex group of older adults in the UK and this size of cohort, with annual 

percentage reductions of -0.5% in males and -0.8% in females. A longitudinal study in Canada which 

incorporated individuals across the lifecourse (aged 16-80+) showed significant 1.0% annual gain in 

volumetric BMD in 16-19 year old males (n=13) but significant losses for 70-79 year old males (-

0.4%, n=17) and 80+ years (-0.9%, n=7), and similarly in female 70-79 year olds (-0.7%, n=59) and 

non-significant loss for 80+ females (-0.6%, n=9)85. In a study of peri- and post-menopausal women, 



the annualised loss percentages were significant in both groups (-0.8% per-menopausal, -1.0% post-

menopausal) but this was a smaller study of n=82 females in total65.  

In terms of cortical parameters, the annual percentage reductions (male and female) in cortical area 

(-0.7%, -1.3%, thickness (-0.4%, -1.1%) and density (-0.6%, -0.7%) and increases in porosity (1.5%, 

2.5%) are similar to those observed in the Canadian Multi-centre Osteoporosis Study (CAMOS) in 

the 70-79 year old subgroup; reduced cortical area (-1.0%, -0.3%), thickness (-1.1%, -0.4%) and 

density (-0.5%, -0.9%) and with greater increases in porosity (3.4%, 7.7%)85.  

For trabecular parameters, again, our findings were similar to those from the CaMOS cohort with 

significant increases in trabecular area in HCS (0.1%, 0.2%) and CaMOS (0.3%, 0.2% for the 70-79 

year subset) and a paucity of other significant findings. 

4.1.2 Change in grip strength 

Grip strength change across the lifecourse has been aptly described in a meta-analysis of studies 

performed by Dodds and colleagues which demonstrated a rise until a peak in early mid-life 

(approximately 35 years), followed by a gentle decline until the age of 60 when the decline is more 

rapid17. 

In our study of community dwelling older adults, we observed absolute percentage losses of -18% 

(-0.80kg/year) in males and females across 5.1 years of follow-up. Previous studies of similar aged 

participants have demonstrated losses (in males and females) of -0.95kg/year and -0.45kg/year in 

Swedish Adoption/Twin Study of Aging (approximately 70 years at baseline)225, losses of -

0.48kg/year and -0.30kg/year in a Japanese study (72 years at baseline)226, reduction of -

0.66kg/year and -0.38kg/year in the English Longitudinal Study of Ageing (72 years at baseline)57 

and 0.02% and 0.01% annualised percentage loss in a Danish cohort (aged 70 years at baseline)227. 

4.1.3 Change in bone mineral density at the femoral neck 

Similar to the profile of grip strength across the lifecourse, bone mineral density reaches a peak in 

the middle of the fourth decade, before plateauing and reducing rapidly from the menopause for 

females and more gradually for males into older age30. Femoral neck bone mineral density losses 

were 2.2% in males and 3.9% across the 5.1 years of follow-up. Within the HCS a previous study 

utilising pQCT between 2004-05 and EPOSA (2011-12) observed a similar sex dimorphism with 

greater declines in cortical area for females than males at both the radius (p=0.006) and the tibia 

(p<0.001)221. 

This is comparable to findings from The Rotterdam Study (aged ≥55 years, 2-year follow-up) which 

described losses of -0.4% for males and -0.6% for females228, the Framingham Osteoporosis Study 
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(74 years at baseline, 4-year follow-up) which showed losses of -0.38%/year in males and -

0.87%/year in females229 and the MrOS cohort (≥65 years, 4.6-year follow-up) which described 

losses of -1.72% 230.  

4.1.4 Associations of musculoskeletal ageing parameters with odds of fracture 

When considering our findings with regard to fracture prediction it is important to recognise that 

the studies discussed below refer to incident fractures whereas our study refers to prevalent 

fractures. Potential confounders in the relationships observed primarily include comorbidity, poor 

muscle health (which could impact on bone strength and increase the risk of falls and fractures), as 

well as those measures included as covariates (including sex, age, height, BMI, dietary calcium, 

physical activity, smoking history (ever vs never), alcohol consumption and social class). 

 

In the OFELY cohort (over 10 years of follow-up) trabecular parameters at the radius had greater 

predictive capacity71, as did trabecular parameters in a group taking denosumab72. In the GERICO 

cohort of post-menopausal females (over 5 years of follow-up), lower baseline volumetric BMD 69, 

and in the CaMOS cohort, radial total BMD (Odds ratio (OR) per standard deviation (SD) lower 

baseline values: 2.1) and trabecular BMD (OR: 2.0), and lower baseline cortical thickness at the tibia 

(OR: 2.2) 70 were predictive of future fracture. An important finding from the CaMOS study was that 

baseline values rather than rate of change were more associated with fractures in post-menopausal 

females70. Similar findings were described in our study with only change in trabecular density being 

associated with an increased odds of fracture (OR 0.50, p<0.01), compared to multiple baseline 

parameters (including a greater odds of fracture with higher trabecular area (OR 2.18, p<0.01); 

lower total volumetric bone density (OR 0.53, p<0.01); lower cortical area (OR 0.53, p<0.04), lower 

cortical density (OR 0.56, p<0.02) and lower cortical thickness (OR 0.45, p<0.01). It should be noted 

that the odds ratios in our study were for increases in bone microarchitecture parameter whereas 

in CaMOS they were for reductions in bone microarchitecture70. Hence, cortical thickness in CaMOS 

was associated with an odds ratio of 2.2 (for each SD decrease in baseline value)70 whereas, in the 

HCS, we reported an odds ratio of 0.45 (for each SD increase in baseline value). 

In our analyses grip strength baseline level and longitudinal change had no predictive capacity for 

fracture and only baseline level of (and not change in) total femoral neck BMD showed any 

significant association with the odds of fracture reduced by 46% per standard deviation increase in 

BMD (OR 0.54, p=0.003).  



The reason why associations with fracture were stronger with baseline values of musculoskeletal 

parameters rather than longitudinal change parameters, may imply that the genes required to form 

bone and muscle (in order reach a higher peak earlier in the lifecourse) have a greater influence on 

fracture than those associated with age-related increases in bone resorption and deteriorations in 

bone microarchitecture and muscle health. 

We found that a SNP associated with the ABCF2, coding for ATP Binding Cassette Subfamily F 

Member 2, had a borderline association with trabecular area (p=0.07). The protein ABCF2 plays a 

role in transmembrane transportation and prior work has described associations with cancer 

progression231,232, the molecular pathogenesis of Duchenne Muscular Dystrophy233, and  down-

regulation of ulcerative colitis234. The exact relevance of this gene to bone mineral density is not 

clear but two SNPs are implicated in skeletal health with rs7812088 associated with femoral neck 

BMD in the study by Estrada and colleagues219, but also rs73169678 associated with total body BMD 

in a separate GWAS by Medina-Gomez and colleagues235. It is possible that the observed association 

with trabecular area is mediated via stem cell pathways or inflammatory mechanisms which have 

previously been described in this cohort 236. 

We also recorded that a SNP (rs3801387) in the WNT16 gene was associated with change in 

trabecular microarchitecture such that for each extra G allele at that locus there was a 0.28 

standard deviation gain in trabecular density (p=0.01). Wnt16 is considered to be primarily secreted 

by osteoblasts237 (bone-forming cells) and directly suppresses osteoclastogenesis via the non-

canonical JNK MAPK pathway via upregulation of osteoprotegerin. Mouse models have shown that 

Wnt16 is reduced by steroid administration 238 and rs3801387 has been associated with BMD, 

fracture and cortical bone thickness in previous studies 171,235,239. Similar adverse effects of 

rs3801387 were observed in a cohort of pre-menopausal females with each additional T allele 

associated with lower BMD at the femoral neck (β= -0.12) 239. Other GWAS have demonstrated 

associations between SNPs in WNT16 and BMD but at alternative loci 240,241. 

4.2 Epigenetic Age Acceleration  

Our investigation into whether accelerated epigenetic ageing predicts musculoskeletal ageing has 

highlighted some nuances of the collection of biomarkers known as epigenetic clocks. Importantly 

for downstream analysis we noted that epigenetic ages using the Illumina 450k array were 

significantly lower than those for the later iteration, the Illumina EPIC (850k) array. We also 

observed that the epigenetic age of HCS participants using the second-generation clocks (GrimAge 

and PhenoAge) were, on average, substantially lower than the first generation clock (HorvathAge). 

When examining the predictive capacity of epigenetic age acceleration for future musculoskeletal 

phenotype, we found very sex-specific relationships. GrimAge and PhenoAge acceleration, in 

particular, predicted future muscle outcomes (grip strength and gait speed) in males, but 
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associations in females were largely with bone mineral density and measures of body composition 

(appendicular lean mass and total fat mass) and appeared to be such that greater age acceleration 

was associated with greater levels of bone, muscle and fat. Indeed, in bone microarchitecture, the 

only significant finding was for cortical thickness and, again it was the case the greater acceleration 

was associated with more tissue (higher cortical thickness) which is counter to the current dogma 

of bone ageing. 

 

4.2.1 Differences in epigenetic clocks between 450k array and 850k array 

The 450k methylation array was superseded by the EPIC (850k) array in 2015. Although the EPIC 

array covers nearly twice as many CpG sites (850,000 vs 450,000) across the genome, it does not 

cover every CpG site found on the 450k array. In fact, 6.8% of the CpG sites from the 450k are 

absent from the 850k array. This is pertinent when we consider epigenetic clocks, as for the 

HorvathAge clock, which was designed for use on 27k (the precursor to the 450k array) and 450k 

array, a total of 19 CpG sites from the original 353 from which the clock is composed, are missing 

on the 850k array242. This has led to studies evaluating the accuracy of methylation age clocks using 

the 850k array. 

McEwen and colleagues performed one such examination of the two arrays (450k and 850k) using 

monocyte DNA samples from 172 individuals243. They initially investigated the effect of three 

different pre-processing methods for the arrays and found a high correlation for HorvathAge clocks, 

concluding that chronological age to HorvathAge correlation “was largely unaffected by platform 

differences and normalization methods”. For between-array differences they saw a mean 

difference of 1.4-3.1 years across pre-processing methods. Dhingra and colleagues found similarly, 

with the EPIC array underestimating HorvathAge by a mean deviation of -3.4242, and suggested that 

the difference observed was due to the 19 missing probes despite probe imputation via the Horvath 

model3. However, neither of the above studies investigated the effect of ‘array type’ (i.e. 450k or 

850k) on the second generation clocks (GrimAge and PhenoAge). 

Absent probes may explain the inter-array differences for HorvathAge we observed; however, the 

same explanation cannot be the case for PhenoAge and GrimAge clocks, as each were designed 

using the subset of CpG sites which are common to both the 450k and 850k array. The reason for 

this difference remains unclear and may be artefactual.  

We wanted to use both 450k and 850k data as it increased our sample size and chose a Z-score 

approach to combining the epigenetic age accelerations from each array. Although this has not 



been employed in the specific use-case of combining 450k and 850k array datasets, it is a valid 

statistical approach as the epigenetic age acceleration for each array was normally distributed. 

Although there are not many studies which have attempted to combine 450k and 850k datasets. 

Rezwan and colleagues, investigating the association between epigenetic age acceleration and 

asthma, performed a meta-analysis of the effect estimates in order to combine their 450k and 850k 

regression results from different epidemiological cohorts 244. This is a valid approach (particularly 

as the 450k arrays were performed in one cohort and 850k arrays in another cohort); however, we 

felt that our Z-score approach was justifiable given that our 450k and 850k samples came from the 

same cohort. 

There is now an increasing drive to use the extended breadth of the 850k array to produce novel 

epigenetic clocks245,246 and this could be an avenue for future work. 

  

4.2.2 Observed differences between clocks 

The first generation epigenetic clocks (of which the HorvathAge clock was principle3) and second 

generation clocks (including GrimAge126 and PhenoAge127) differ in the purpose of their original 

design. The first generation clocks aimed to correlate as closely as possible with chronological age, 

whereas the second generation clocks aimed to correlate with serum proteins known to associate 

with ageing127 or DNA-methylation biomarkers of ageing phenotypes126, and therefore capture 

lifespan. 

We found that GrimAge and PhenoAge were substantially lower than chronological age and 

HorvathAge. There are prior data suggesting that HorvathAge is systematically underestimated in 

older adults247 but in our study mean HorvathAge was the same as mean chronological age (65.0 

years). For this reason we have reviewed the chronological, HorvathAge and PhenoAge and 

GrimAge of a number of studies which are summarized Table 28. 

 

 

Table 28:  showing the mean (and standard deviation) chronological, HorvathAge, PhenoAge and 

GrimAge for epidemiological studies.  

Mean(SD) HCS (n=415) TILDA (n=490) NHSD 60-64 years (n=672) Cronje, 2021 (n=120)

Pooled Pooled Males Females Males

Chronological age 65.0 (2.8) 62.2 (8.3) 63.0 (1.1) 63.1 (1.0) 63 (10)

HorvathAge 65.0 (4.6) 61.3 (11.0) 58.9 (4.7) 57.2 (4.1) 59 (8)

PhenoAge 56.4 (4.8) 61.2 (9.6) 48.9 (5.9) 47.7 (5.8) 47 (9)

GrimAge 58.4 (5.6) 60.8 (7.6) 64.6 (4.6) 61.1 (4.3) 64 (9)
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Including the Hertfordshire Cohort Study (HCS), the Irish Longitudinal Study on 

Ageing (TILDA)143, The National Survey of Health and Development (NHSD)144 and a 

study investigating black South African males (Cronje and colleagues, 2021)248 

This shows that, except for The Irish Longitudinal Study on Ageing (TILDA)143, there is a tendency 

for all clocks, but particularly PhenoAge, to be routinely underestimated in adults of a similar age. 

This, again, supports our approach to using Z-scores rather than raw values in downstream 

analyses. 

4.2.3 GrimAge acceleration and muscle outcome in males 

One of the potential utilities of epigenetic age acceleration is as a biomarker to predict future 

phenotypes. We observed a significant sex-specific association between GrimAge acceleration and 

gait speed at the HBS17 follow-up (β=-0.04 m/s (-0.09,-0.00), p=0.05 in sex-stratified models 

adjusted for age, height, BMI, social class, physical activity, prudent diet, ever smoked regularly and 

alcohol consumption) and grip strength at the EPOSA follow-up (β=-1.25 kg (-2.24,-0.26), p=0.01 in 

sex-stratified models adjusted for age, height and BMI). 

In contrast to our study (in which there were no significant associations with first generation clocks), 

previous cross-sectional analyses in other cohorts have found associations between HorvathAge 

acceleration and gait speed in the Lothian cohort140 (β= -0.05m/s, p<0.01) and grip strength in a 

Scandinavian twin cohort (β= -5.3 Newton-meters (kg per m/s2), Standard Error= 1.9, p=0.01)142, 

although both these studies pre-dated the advent of the second generation clocks and used 450k 

arrays only. In the Lothian cohort140, it should also be noted that the findings were cross-sectional 

and sex-adjusted rather than for grip strength at EPOSA follow-up and sex-specific for the HCS. Also, 

grip strength in this study was only assessed for the right hand140. Additional differences between 

the Scandinavian Twin study142 and our HCS study include the fact that they used Newton-meters 

instead of kilograms to measure grip strength and that the study population was originally selected 

to include only female twin pairs who were discordant in their use of hormone replacement therapy 

(and thus different to our cohort, and our finding in males alone). 

Latterly, studies examining GrimAge acceleration and PhenoAge acceleration have been published 

which have echoed our findings.  

The TILDA study including 490 community dwelling older adults in Ireland, demonstrated significant 

cross-sectional relationships between GrimAge acceleration and grip strength (β=-0.60 kg (-1.10,-

0.1)143 adjusted for age, sex and height) , and walking speed (β=−3.74 cm/sec, (−6.03, −1.44; p < 

0.001)143 adjusted for age, sex, height, cell count, BMI, social class, smoking and physical activity). 



These, sex-adjusted, findings are very similar to our findings in the HCS; however, it would be 

interesting to see the result of sex-stratified analyses to identify whether a similar pattern, of 

associations observed primarily in men, was present. Similar to our study, no associations with first 

generation clocks were identified. It should be noted that, rather than recording the maximum grip 

strength from 6 attempts (3 from each hand), in the TILDA study grip strength was recorded as the 

mean of 4 attempts (2 from each hand)143 which may affect the comparison of the grip strength 

analyses between the two studies. 

A meta-analysis by Maddock and colleagues144 incorporated data from TwinsUK, National Child 

Development Study (NCDS) and the National Survey of Health and Development (NSHD). We will 

focus on the latter, as this is study of older adults, of a similar age to the HCS, who were assessed 

at 53 years and 69 years of age. In this group epigenetic clocks were ascertained at baseline (53 

years) and relationships with grip strength were investigated cross-sectionally and longitudinally. 

In the NSHD (and in males alone) associations between grip strength aged 69 and GrimAge 

acceleration from baseline (β=-0.22 kg (-0.37,-0.06), p=0.01) (a similar effect size to our β=-1.25 kg 

finding in the HCS, and over a similar period from baseline age acceleration measure to grip strength 

at EPOSA follow-up) and change in grip strength (1-year increase in GrimAge acceleration 

associated with a -0.25kg (-0.37, 0.14) loss in grip strength over 13 years of follow-up144.  Why the 

GrimAge acceleration association should particularly be observed in males is not quite clear, but 

may be related to male-specific changes in the plasma proteins from which the GrimAge clock was 

created (adrenomedullin, beta-2-microglobulin, cystatin C, growth differentiation factor-15, leptin, 

plasminogen activator inhibitor-1, and tissue inhibitor metalloproteinase-1126) or indeed due to the 

effect of smoking which is incorporated into the GrimAge clock itself. The latter may be highly 

relevant in the HCS, as men were more likely to have ever smoked than women. 

In contrast to our study, significant cross-sectional associations between grip strength and 

PhenoAge acceleration were seen (β=-0.12 kg (-0.22,-0.02), p=0.03), however, this was not robust 

to adjustment for covariates (including sex, BMI, height, smoking status and social class). Sensitivity 

analyses were performed to examine the effect of adjusting for white cell composition (as done by 

McCrory and colleagues in TILDA143). This is due to the theory that cell composition incorporation 

captures extrinsic epigenetic ageing and adjusting for (or excluding the effect of) age-related 

changes in cell composition captures intrinsic ageing. In our study we did not include cell 

composition sensitivity analyses. This may be included in future work; however, it is worth noting 

that Maddock and colleagues did not find a substantial effect of cell composition adjustment144. 
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4.2.4 Epigenetic age acceleration and increased tissue measures in females 

For some parameters of body composition we observed a trend towards increased epigenetic age 

acceleration being associated with increased adipose and muscle tissue measures. 

In a large study of Caucasian females (n=2758) in the United States with a mean age of 

approximately 57 years (with a range of approximately 40-80 years, being substantially broader 

than our HCS study), BMI was found to be significantly positively associated with PhenoAge 

acceleration, such that greater age acceleration was associated with higher measures of adiposity 

(BMI>35 vs BMI 1.5-24.9, β=3.15 years, p for trend <0.001)249. Although these analyses were 

performed in quartiles of BMI (rather than a continuous variable) they support our finding that 

higher epigenetic age acceleration was associated with higher total fat mass in females in the HCS 

(β=2227grams, p=0.02), although our finding was for GrimAge acceleration and not PhenoAge 

acceleration. A similar finding was observed with PhenoAge acceleration in males, however, 

sensitivity analyses demonstrated that this was driven by an outlier for PhenoAge acceleration 

(Appendix 26).  

The finding with GrimAge could be due to the constituent parameters which were used to devise 

the clocks. C-reactive protein (CRP), glucose and leukocyte count were used in devising the 

PhenoAge clock and have been associated with adiposity250-255. Leptin is one of the proteins used 

to form the GrimAge clock, and is, itself, produced by adipose tissue and associated with this 

element of body composition256,257. Indeed, the reason for the association between greater 

GrimAge acceleration and greater appendicular lean mass in females (β=119 grams, p=0.048) may 

be due to fat infiltrated muscle (via the association with leptin), which would appear enlarged but 

may not be of as high quality. The regression coefficient for this finding is also very small and this 

finding would certainly require investigation in other cohorts. 

4.2.5 Associations of epigenetic age acceleration with bone outcomes 

Very few significant associations were observed between epigenetic age acceleration and bone 

outcomes and the paucity of a literature on this subject may be due to publication bias with just a 

single previous study by Fernandez-Rebollo and colleagues147 addressing this association. 

The significant cross-sectional associations we did observe were solely in females via DXA with 

HorvathAge acceleration (β=0.02g/cm2,  p<0.05 at baseline and EPOSA, β=0.02g/cm2, p<0.02 for 

HBS17) and PhenoAge acceleration (β=0.02g/cm2,  p<0.03 at baseline and EPOSA) associated with 

total femoral neck BMD at multiple time points and HR-pQCT scanning modalities with HorvathAge 

acceleration associated with cortical thickness (β=35.6 μm,  p<0.02). This suggests that greater age 



acceleration is associated with beneficial bone outcomes (thicker cortices and greater bone mineral 

density). Before placing too much weight on this finding it is worth noting that the effect sizes were 

modest; however, there are three possible explanations for these findings. 

Firstly, there are data to suggest that epigenetic age acceleration remains fairly constant from early 

adulthood. Theoretically, a higher age acceleration at this early point of the lifecourse may be 

advantageous and allow an individual to reach a higher peak bone mass in the fourth decade. If the 

epigenetic age acceleration remains constant from that point, then a higher bone density (and 

cortical thickness) would be associated with a higher epigenetic age acceleration measure. This is 

highly speculative and future studies in young adults (and across the lifecourse) will be required to 

delineate this association. 

Secondly, as hypothesized in the summary discussion, it is possible that, in females, the relationship 

between higher GrimAge acceleration and higher change in femoral neck BMD is being mediated 

by adiposity, as we found a similar relationship between higher GrimAge acceleration and higher 

fat mass (see Figure 26). This is unlikely to be the sole contributor to the relationship for two main 

reasons. Primarily, because it is increasingly accepted that adiposity is detrimental to the health of 

bone for hormonal, inflammatory and metabolic reasons258,259, but also because our models 

included body mass index as a covariate which should capture adiposity. Thirdly, although bone 

mineral density (and bone microarchitecture) outcomes are primarily utilised in assessing 

osteoporosis in clinical practice, they are also influenced by osteoarthritis. Indeed, studies show an 

increased bone mineral density and trabecular density in osteoarthritis patients260,261. In the case 

of our HCS findings, it may be that we are observing an association of increasing osteoarthritis with 

increasing epigenetic age acceleration. This possibility will be the subject of future research as 

stated in the ‘Future Work’ section of this discussion. 

Additionally, in terms of change in bone outcomes, GrimAge acceleration was associated with a 

significantly greater loss of total femoral neck BMD for males across approximately 17 years of 

follow-up (between HCS baseline and HBS17) and females across approximately 5 years of follow-

up (between EPOSA and HBS17). The finding that loss of trabecular density was associated with 

greater GrimAge acceleration (β=-1.09mg/cm3, p<0.02)  and HorvathAge acceleration (β=-

1.17mg/cm3, p<0.01), and that we independently found loss of trabecular density to be associated 

with fracture is note-worthy and may shed some insight onto the biological ageing of bone 

microarchitecture change. Indeed, a previous study from our group identified cross-sectional 

trabecular density as part of a particular phenotype of bone microarchitecture which was prone to 

fracture262. It may therefore be that epigenetic age acceleration (and particularly GrimAge) may 

provide some insight into future loss rates of bone density in the trabecular compartment and at 

the femur. Alternatively, as explained above, it may be a signature of health earlier in the lifecourse, 

the effect of adiposity or increasing joint degeneration and osteoarthritis. 
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The previous study by Fernandez-Rebollo and colleagues was performed in a much smaller group 

of 32 osteoporosis participants and 16 controls and only utilizing first generation clocks (including 

HorvathAge)147. Although they found a strong correlation between the epigenetic ages and 

chronological age (as expected given the original design of the first-generation clocks) they found 

no correlation between epigenetic age and osteoporosis. The lack of an association was 

hypothesized to be due to the fact that epigenetic age was measured in blood, thereby lacking the 

facets of tissue-specificity. This is supported by del Real and colleagues who had investigated the 

epigenetic age of skeletal tissue in patients with osteoporosis versus osteoarthritis152,263. They 

showed that the epigenetic age of bone tissue (acquired from bone fragments) did not display 

accelerated ageing. However, age acceleration was observed in bone-derived mesenchymal stem 

cells, suggesting that age acceleration in progenitors has a greater influence on phenotype than 

that seen in mature tissue. A recognized limitation of these analyses was the lack of PhenoAge and 

GrimAge analyses264. 

4.3 Epigenome-wide association studies (EWAS) 

Epigenome-wide analyses of differential methylation were performed for cross-sectional 

associations with maximum grip strength and total femoral neck bone mineral density. The key 

findings for this programme of work were that there was a consistent association between 

maximum grip strength and differential methylation at cg00960509, lying in a CpG island associated 

the 5’ end of the gene ECE1 on chromosome 1. A significant association was found between grip 

strength and some gene ontologies, particularly the purine catabolic biological process. For total 

femoral neck bone mineral density there were no significant associations with individual CpG sites. 

However, cg02389067, associated with the GNA13 gene, consistently appeared in the top 5 CpG 

sites for each model, and was also implicated (via enrichment analysis) in the significant association 

with the regulation of the actin cytoskeleton. The Phopholipase D signalling pathway was also 

significantly associated with total femoral neck BMD and there were some supporting associations 

with human phenotype ontologies including hip pathologies and biconcave vertebral bodies, 

indicative of vertebral fractures. 

4.3.1 Maximum grip strength EWAS 

4.3.1.1 Endothelin converting enzyme-1 

A negative association was observed between methylation at cg00960509 and maximum grip 

strength in this group of community dwelling older adults (log2 fold-change = -0.0006, adjusted p-

value = 0.02). Higher methylation at this CpG site in the promoter region of ECE1, would potentially 



lead to reduced expression of ECE1, and was associated with lower maximum grip strength (see 

Figure 35). The biological plausibility of this finding is examined below. 

 

Figure 35: Schematic demonstrating the flow between an association between reduced 

methylation at cg00960509 and higher grip strength. 

 

4.3.1.1.1 Biological plausibility 

The ECE1 gene codes for endothelin converting enzyme 1; a 770 amino acid metallopeptidase which 

hydrolyses the 21-Trp-|-Val-2 bond in ‘big endothelin’ to produce endothelin-1265, and is located in 

the lysosomal membrane266 and endosome267. Diseases associated with mutations in ECE1 include 

Hirschsprung’s disease (a neurological condition of the bowel primarily seen in infants), cardiac 

defect, autonomic dysfunction and an increased risk of coronary artery disease 268. 

Endothelin-1 (the product of endothelin-converting enzyme 1) is one of a family of ‘endothelins’269 

produced by the vascular endothelium and vascular smooth muscle cells and act on endothelin 

receptor A (ETA) and B (ETB1 and ETB2) located on the vascular smooth muscle cells and 

endothelium and also on cells in other tissues including osteoblasts and adipocytes270.  

Endothelin-1 is highly active in controlling vascular blood flow on the vascular endothelium. It 

promotes potent vasoconstriction (via ETA and ETB2)270; however it also stimulates the induction 

of endothelial nitric oxide synthase (eNOS or Nos3) leading to nitric oxide (NO) production with 

resultant profound vasodilation271,272.  

Grip strength involves coordinated and sustained contraction of the muscles of the forearm and, as 

a form of exercise, we must consider the changes which occur in skeletal muscle blood flow in 

response to exercise.  

Exercise leads to an increased need for skeletal blood flow. For this reason, one of the very first 

skeletal muscle vascular responses to exercise (which occurs very quickly, within 5 cardiac cycles273) 

is nitric oxide initiated vasodilation274. Additionally, noradrenaline is released which increases 

cardiac output and, together with endothelin-1275, leads to splanchnic vasoconstriction276. This 

vasoconstrictive effect is blunted in skeletal muscle blood vessels by a process of ‘functional 
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sympatholysis’, which maintains relative, local vasodilation (involving nitric oxide277 and endothelial 

hyperpolarization) and thus redistributes blood flow to the muscles278. 

In the elderly, this local vasodilatory response may be impaired, as nitric oxide is scavenged by 

reactive oxygen species, leading to 45% lower nitric oxide contribution towards skeletal muscle 

blood flow during exercise in the elderly compared to younger adults279. Thus, in the elderly there 

is lower reserve in the action of nitric oxide to produce vasodilation280,281, and thus, if endothlin-1 

production was reduced, there would be lower stimulation of ETB1 receptors and nitric oxide 

production in skeletal muscle would drop further. This, together with the endothelin-1 induced 

splanchnic vasoconstriction (and redistribution of blood flow to the muscles) supports our finding 

that lower methylation at cg00960509, via increased production of endothelin-1, could lead to 

better muscle performance and increased grip strength in the HCS (see Figure 36). 

 

 

 

 

Figure 36: Schema depicting the hypothesised mechanism of association between lower 

methylation at cg00960509 and higher grip strength.  

ECE1 = endothelin converting enzyme-1, ET = endothelin 

 

This theory is supported by the finding in a rat model (of obesity) subjected to an endurance 

exercise programme there was a significantly greater RNA expression of ECE1 (determined by RNA-

sequencing) in the arterioles of the gastrocnemius muscle compared to a sedentary control 

group282. Similar to our finding, this suggests that higher endothelin-1 may be indicative of good 

muscle health. 



The above is simply a hypothesis and comes with the caveats that the effect size in the differential 

methylation analyses was small, the experimental design was cross-sectional and the tissue 

analysed was whole blood and not muscle, and that the vascular effects in vivo for humans is still a 

matter of debate275.  

Indeed, the scale of the methylation change in this association is very small with a  0.0003% increase 

in methylation (beta-value) for each kilogram increase in grip strength, and a substantial limitation 

is the use of a blood-based proxy for measuring a muscular outcome (when muscle tissue would be 

superior). In future work, it will be important to replicate this finding using an alternative 

technology including RNAseq or pyrosequencing. 

However, we have shown that there is a plausible, biological mechanism which could explain the 

association observed via EWAS. 

4.3.1.1.2 GWAS and EWAS associations 

The ECE1 gene has been implicated in a number of health and disease states via Genome-Wide 

Association Study and other methylome EWAS. 

Previous GWAS associations of single-nucleotide polymorphisms (SNPs) in ECE1 include height (for 

250,000 individuals283 and 450,000 individuals284 of European ancestry). The latter is relevant when 

considering that height is strongly associated with grip strength across the lifecourse57,285,286 and 

that short stature is associated with accelerated loss of grip strength 57. However, it is unlikely that 

the association between methylation of cg00960509 was purely confounded by height in this study 

as the association persisted (despite some attenuation) when adjusting for height and weight-for-

height residual. 

Associations with lean (muscle) body mass were observed in a GWAS of 150,000 individuals of 

European ancestry287 which supports the association observed in the EWAS of maximum grip 

strength in the HCS.  

Other GWAS associations include levels of alkaline phosphatase288,289, basophil count 290,291, 

chronotype (“ease of getting out of bed”) 292,293 and longevity (a case control study of individuals 

surviving at or beyond the age corresponding to the 90th/99th survival percentile). 

Previous EWAS findings include associations between the degree of methylation at cg00960509 and 

HIV infection294 and age (from birth to late adolescence)295 (in whole blood samples). The 

association with age is interesting; however, may not be entirely relevant as the age range of the 

participants in that study (paediatric) compared to the HCS (older adults) is markedly different, and 

EWAS model 2 included age as a covariate which should account for any confounding effect. 
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Differential methylation at cg00960509 in saliva samples has been demonstrated between 

individuals who experienced child abuse and age-matched controls296.  

Additionally, differential methylation of cg00960509 was shown to exist between blood and buccal 

samples297, emphasising the tissue-specific nature of methylation. Indeed, it is important to 

consider that the findings we see in methylation analysis of whole blood are associated with the 

methylation seen in white blood cells and, therefore are not expected to be directly associated with 

muscle-specific processes. 

4.3.1.2 SDK1 

We also observed a significant association between methylation at cg08073934 (log2 fold-change 

= 0.0004, adjusted p-value = 0.02); however, this was only seen in model 2 (adjusted for age, sex, 

cell composition and array) and did then not appear in the list of the CpG sites with the lowest p-

values. The reason for this change in level of association may be explained by previous GWAS and 

EWAS relating to the associated gene; SDK1 and CpG site respectively. 

As background, SDK1 is the gene encoding the protein side-kick-1 which is a 2213 amino acid, 

homodimer, adhesion molecule and part of the immunoglobulin superfamily. It is located in the 

plasma membrane, and disease associations with the gene include brachydactyly. 

Previous methylome-wide association studies (EWAS) have identified associations between 

cg08073934 and maternal body mass index (BMI) and obesity 298, with similar body anthropometry 

associations with BMI adjusted waist circumference in a GWAS of asthma and obesity in 450,000 

members of UK Biobank 299 and a global, trans-ancestral study of childhood obesity 300. These 

associations with body composition outcomes suggest that, in our study, SDK1 was simply a 

confounder for the association between body anthropometry and grip strength, which is why the 

association was not replicated in sensitivity models adjusting for height and weight for height 

residual. 

This is also the likely explanation for the association being absent in sensitivity model 4 which 

additionally adjusted for smoking status, as SDK1 has been associated with smoking status 284,301,302 

and smoking initiation 302-304 in numerous GWAS. 

The association with cg08073934 was therefore a likely confounder. 



4.3.1.3 Pathway and gene ontology for maximum grip strength EWAS 

The list of most significant CpG sites was not significantly enriched for pathway analysis; however, 

there were significant gene ontology associations with purine catabolism, p-type calcium transport 

and human phenotypes relating to homocysteine, aspartate, vitamin B and methionine 

metabolism.  

4.3.1.3.1 Purine catabolism 

Purines are acquired through dietary sources (including meat, liver, kidneys, lentils) and constitute 

the nitrogenous bases from which DNA is formed. They have key roles as energy sources, 

coordinators of cellular growth and metabolic signals. They are metabolized via the purine 

metabolic pathway (see Figure 37) to form xanthine and latterly, the waste product uric acid. 

 

 

Figure 37: The purine metabolic pathway.  

Products are in blue boxes, enzymes in black script and the products of the genes 

which drove the association with the biological process gene ontology are in orange 

(XDH – xanthine dehydroxylase, NT5E – nucleotidase ecto-5) 

It is worth considering that the gene ontology ‘purine ribonucleotide catabolic process’ is fairly 

general, non-specific ontology defined as ‘The chemical reactions and pathways resulting in the 

breakdown of any purine ribonucleoside, a nucleoside in which purine base is linked to a ribose 

(beta-D-ribofuranose) molecule’305. The two genes which drove the association with the pathway 

are TE5 coding for the protein nucleotidase ecto-5 which sits in the cell membrane and catalyses 

the conversion of extracellular nucleotides to membrane-permeable nucleosides, ready to feed into 
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the purine metabolic pathway, and XDH coding for xanthine dehydroxylase, which lies at the other 

end of the pathway and can be converted to xanthine oxidase to produce uric acid.  However, 

although this is a broad ontology, there is a possible reason for the association with grip strength. 

The waste product of the purine metabolic pathway is uric acid, which in physiological 

circumstances has beneficial anti-oxidant effects and higher levels of uric acid have been associated 

with greater hand grip strength in a group of older individuals in South Korea 306 (the high serum 

uric acid tertile had a significantly higher mean grip strength than the lowest serum uric acid tertile 

(β=1.017, 95% CI 0.115 to 1.920)). This finding is supported by work in nonegenarians in Tuscany 

(β=1.24±SE 0.43, p=0.005) 307 and a group of community dwelling older adults in Japan308 . Thus, 

it may be that the association between uric acid and grip strength in these epidemiological studies 

of older adults is being driven by altered mechanisms and gene expression within the process of 

purine catabolism. 

4.3.1.3.2 P-type calcium transporter activity 

The other biological process which was significantly highlighted by gene ontology analysis was that 

of P-type calcium transporter activity. This was due to the presence of the ATP2B2 and ATP2C2 

genes in the extended list of those CPG sites with the lowest 100 p-values.  

ATP2B2 encodes the protein ATPase plasma membrane Ca2+ transporting 2 which is one of a family 

of P-type primary ion transport ATPases that move calcium ions against concentration gradients 

and are involved in maintaining calcium homeostasis. They are known to play a role in platelet 

homeostasis and salivary secretion and genetic defects in the gene are associated with congenital 

deafness. Previous GWAS have demonstrated associations with height284 and testosterone level309, 

the latter in a group of 190,000 European men and women, in which two SNPs in the ATP2B2 gene 

were found (rs573833-T, rs7618363-C). There is known to be an association between testosterone 

and muscle ageing with systematic reviews demonstrating positive effects of testosterone on 

sarcopenic outcomes310,311; however, it is likely that the association with height is what drove the 

association in our particular EWAS as model 2, in which this particular gene ontology analysis was 

performed, did not include height as a covariate. 

ATP2C2 is a gene encoding ATPase secretory pathway Ca2+ transporting 2, and ATP driven pump 

which moves calcium ions across the membrane of the Golgi apparatus. There is no direct 

relationship to musculoskeletal health with this gene or protein, and previous GWAS have shown 

SNPs in ATP2C2  to be associated with first cannabis use 312. 

Although calcium transport is central to muscle function, this is primarily via L-type calcium 

channels313.  



4.3.1.3.3 Human phenotype ontologies 

Some associations with particular human phenotype ontologies were observed, including those 

relating to homocysteine, aspartate, vitamin B, methionine metabolism and megaloblastic anaemia 

(driven by the gene MTRR), ophistonus (by VPS53) and dysautonomia (by ECE1). However, each of 

these phenotypic associations reached significance due to the presence of a solitary gene within an 

extended list of genes from the EWAS suggesting that the associations are weak and prone to 

artefact. 

 

4.3.2 Total femoral neck bone mineral density EWAS 

The main CpG site of interest which was highlighted by the EWAS of total femoral neck BMD was 

cg02389067, located in a CpG island in the promoter region at the 5` end of GNA13 on chromosome 

17. This did not reach the specified level of statistical significance; however, it was constantly 

observed in the top 5, most significant CpG sites in each EWAS model and is also implicated in the 

significantly associated pathways on enrichment analysis including The Phospholipase D signalling 

pathway and the regulation of actin cytoskeleton.  

4.3.2.1 Pathway analyses 

Before exploring the associated pathways, it is important to map out some basic elements of bone 

cell function. Bones are constantly undergoing a process of formation and breakdown with 

osteoblasts responsible for the bone production and mineralization and osteoclasts (which share 

many common attributes with macrophages) responsible for bone resorption. Osteoclasts have two 

states in which they can exist, migratory (during which they move to a site suitable for resorption) 

and stationary (during which resorption occurs). Both these states require specific and coordinated 

changes from the actin cytoskeleton and in the resorptive state this necessitates the formation of 

an actin ring and ruffled border which provides a sealed area around the bone (similar to a mouth) 

so that the lytic enzymes used to break down the bone remain localised and do not extrude into 

the surrounding extra-cellular matrix, leading to uncontrolled bone resorption314. As such, it is clear 

that the actin cytoskeleton plays a vital role in bone homeostasis. 

4.3.2.1.1 Regulation of the actin cytoskeleton 

Due to the inclusion of the following genes: GNA13, PDGFD, RRAS2, ARHGEF4, ITGA7, BAIAP2 in the 

extended list of CpG sites associated with total femoral neck BMD, the pathway of regulation of the 

actin cytoskeleton was found to be significantly associated on enrichment analysis. 
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Actin, the most abundant protein in eukaryotic cells, constitutes a major part of the cytoskeleton 

and is found in two conformational states, G-actin (monomeric globular actin) and F-actin 

(polymeric fibrous actin). Actin binds to other proteins to form filamentous actin, and these 

filaments form two major structures within cells; bundles and networks, and are crucial to the 

fluctuating changes required by cells for cell division, filopodia formation and locomotion 315. 

Alterations in the actin cytoskeleton can be stimulated by chemokines, cytokines and fibronectin 

but also via G-protein coupled receptors (GPCRs) which operate via G-proteins. These are 

heterotrimeric proteins composed of α, β and γ subunits and are found in every tissue. GPCRs are 

bound by a ligand on the membrane surface and the α-subunit then stimulates downstream 

mediators (via the Ras superfamily) to manifest intracellular effects including actin cytoskeleton 

reorganization, cell migration, phospholipase D and other downstream effects316. As can therefore 

be seen, the gene GNA13, which codes G-protein α-subunit 13 (Gα13) is integral to both pathways 

associated with femoral neck BMD. It has been demonstrated that Gα13 regulates osteoclast states 

with downstream activation of RhoA stimulating podosome formation of the actin cytoskeleton to 

enable migration 317, and RAC stimulating the stationary, resorptive state 318. Murine studies 

support a key role for Gα13 as, Gα13 knockout animals display a severe osteoporotic phenotype, 

with reduced BMD, increases in osteoclast numbers and enhanced osteoclast activity319, and 

increased cathepsin K protease secretion320. 

A previous study, conducted by Liu and colleagues, set out to specifically examine pathways linked 

to over 300,000 significantly associated loci in a genome-wide study of hip BMD321. They found that, 

together with T cell receptor and immunological pathways, the regulation of the actin cytoskeleton 

was a pathway that was particularly enriched in the loci associated with hip BMD, thus supporting 

our finding. 

Genes related to actin cytoskeleton dynamics, including the Filamin B (FLNB) gene, have been 

previously implicated in bone mineral density skeletal diseases322. Filamin binds to actin providing 

a bridge which allows two actin filaments to join at varying angles. Murine studies have 

demonstrated expression of FLNB in embryonic vertebrae and particularly vertebral 

segmentation323. FLNB-knock out mice develop aberrations in skeletal microvasculature and bone 

development324, and develop profound skeletal abnormalities including scoliosis, skull 

malformation and fusion of the ribs and vertebrae325. In fact, there are calls amongst the community 

suggesting that Filamins may be a fruitful avenue for skeletal therapeutics326. 



4.3.2.1.2 Phospholipase D signalling pathway 

The KEGG pathway enrichment analysis demonstrated an association with the Phospholipase D 

signalling pathway due to the presence of genes; GNA13, PDGFD, AKT3, RRAS2, DNM2. 

Phospholipase D (PLD) is a protease enzyme which converts phosphatidylcholine to phosphatidic 

acid. It is activated by cytokines, hormones, growth factors and neurotransmitters via the cAMP, 

Ras, P13k -Akt and calcium transmission pathways and sits in the middle of the PLD signalling 

pathway327.  PLD is expressed by osteoblasts and has been shown to peak at the onset of 

mineralization, suggesting that this plays a role in osteoblast maturation and stimulates 

mineralization of bone327. This finding is supported by the fact that PLD inhibition via halopemide, 

and PLD knock-out mice have reduced and less efficiently mineralizing osteoblasts327. 

Not only is the whole pathway enriched for genes associated with total femoral neck BMD but 

individually, the genes demonstrate some associations with phenotypes of bone health. The key 

role of GNA13 has already been discussed, but, also at the top of the PLD signalling pathway is the 

protein dynamin (produced via expression of DNM2) which plays a significant role in endocytosis 

by ‘snipping’ the final link of a vesicle with the phospholipid membrane. Dynamin has been shown 

to alter bone homeostasis, as inhibition of dynamin (by the drug dynasore) leads to inhibition of 

bone resorption by osteoclasts328. The PDGFD gene, encoding Platelet Derived Growth Factor D has 

been implicated in the initiation of bone formation329,330, the RRAS2 gene which codes Ras-Related 

Protein R-Ras2 regulates the proliferation of osteoprogenitor cells, also stimulating bone 

formation331 and the AKT3 product plays a part in the signalling regulation of osteoporosis 332. 

It must be recognised that the pathway associations observed in our study related to the expression 

of the above genes and pathways in blood, rather than bone, and may be indicative of systemic 

nuances rather than findings specific to bone. Nevertheless, the associations presented above are 

at the very least biologically plausible, and future research will be required to further explore this 

area. 

 

4.3.2.2 Gene ontology 

The most significantly associated human ontologies we observed included hip contracture and 

limited hip movement, associated with the anatomical location of the femoral neck BMD which was 

the phenotype of interest. It is possible that the studies on which the phenotype ontology were 

based were in fact picking up features of bone mineral density associated with the phenotype of 

interest. Truncal obesity was also included, and there are known associations between obesity and 

bone mineral density, even demonstrated within the HCS 333,334. 
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It is also supportive that biconcave vertebral bodies were a human phenotype of association, as 

these alterations in morphology are likely indicative of vertebral fractures which are known to be 

epidemiologically associated with bone mineral density at the femoral neck and hip335,336. 

4.4 Strengths and weaknesses 

There are a number of strengths to this project. The research visits and measurements were 

performed by trained fieldworkers (including myself) according to strict protocols and standard 

operating procedures providing accurate measures for downstream analyses. 

The longitudinal nature of the cohort with outcomes recorded at multiple timepoints provides an 

important and relatively unique insight into the ageing phenotype in a group of community-

dwelling older adults in the UK. The longitudinal HR-pQCT dataset is particularly unusual with the 

majority of previous studies focusing on wider age ranges (across the lifecourse) or either side of 

the menopause (in pre- and post-menopausal females).  

The ability to combine the extensive musculoskeletal phenotyping with methylation and genotypic 

datasets leads to a broad range of research insights, and the fact that these ‘-omic’ data are 

available from baseline (1998-2004), allows the examination of their ability to predict future 

phenotypes.  

However, this project has some weaknesses. In the examination of the relationship between change 

in musculoskeletal phenotype and fracture, the size of the cohort hindered our ability to perform 

site-specific fracture analyses and, in epigenome-wide analyses may have limited our power to 

observe some associations (particularly in the bone outcomes where the effect sizes were small). 

The constitution of the Hertfordshire Cohort study is Caucasian and of a fairly narrow age range, 

which may impact on the generalisability of our findings. Indeed, the fact that participants had to 

be able to attend the research visits in person demanded a certain degree of health and mobility in 

order to take part. This may have introduced survival bias as only those who were survived from 

1999-2004 to 2011-12 and 2017 were included and led to a healthy cohort effect. In addition, 

although our recorded epigenetic ages are comparable to other studies (see Table 28) 143,144,248, it 

is possible that individuals involved in all studies are more involved and may therefore demonstrate 

a healthy selection bias. It is possible that the analyses were subject to specification error (with 

regard to the statistical models chosen) despite the specification checks described in the methods 



section (including assessment of the linearity of relationship with a continuous outcome, normal 

distribution of residuals and the constant variance assumption of the residuals). 

The analyses examining the relationship between change in musculoskeletal phenotype and 

fracture odds were hampered by the fact that we have a prevalent (rather than incident) fracture 

history. 

Due to a paucity of significant CpG site associations from EWAS analyses, we used a selection of 

CpG sites for downstream, enrichment analyses which included non-significant CpG sites. The 

results of these analyses are purely exploratory. 

There were also some potential technical weaknesses in the project, as described below. 

In analyses including longitudinal change in DXA-measured bone mineral density, it should be noted 

that scans at EPOSA and HBS17 were performed on two different scanners which, despite capable 

technicians and rigorous standard operating procedures, may have introduced a degree of error. 

However, it is encouraging that the observed difference in bone assessments between the two 

scanners is minimal337. 

It is possible that using data from 450k and 850k methylation arrays may have introduced a degree 

of measurement error; however, the use of Z-scores should have mitigated against a subsequent 

deleterious effect. The clocks measured the age of the DNA from whole blood leukocytes and, in 

order to gain a more accurate insight, it may have been necessary to measure the age acceleration 

of bone and muscle samples. Of course, this was not possible or appropriate in this cohort, and, if 

age acceleration is to be used as a biomarker in clinical practice, then blood will be a far more 

practical and available tissue. 

In addition, the issue of tissue specificity has been previously alluded to, by which our results were 

more likely to highlight systemic factors associated with the phenotype of interest (metabolic or 

inflammatory processes) than those mechanistically related to muscle or bone, as the tissue used 

for methylation analyses was whole blood (leukocytes) and not muscle or bone. However, despite 

these limitations, we have identified individual marks, gene ontologies and pathways which are 

biologically plausible in their association with our musculoskeletal phenotypes of interest. 

4.5 Overall implications of this research 

The main contributions of this work to the wider community are three-fold. 

Firstly, the identification of GrimAge as a significant predictor of future muscular health is a relevant 

finding and has been replicated in other cohorts. It may be possible, with the development of novel 

methylation clocks, or biomarkers from alternative ‘omic’ datasets to produce a more accurate 
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prediction tool which could identify those at risk of adverse muscular ageing and improve their 

trajectories and risk of morbidity and mortality. 

Secondly, although the findings from the EWAS’ are preliminary, the identification of novel 

biochemical and physiological targets (e.g. ECE1) and pathways (e.g. regulation of the actin 

cytoskeleton), hold the potential to unlock fresh understanding of the diseases of musculoskeletal 

ageing and possibly provide novel interventions to promote healthy ageing and extended quality of 

life. 

Thirdly, the precise description of change in the musculoskeletal system with age, and particularly 

using specialised technologies like HR-pQCT can provide new insights into how musculoskeletal 

ageing occurs and map responses to interventions in the future. 

4.5.1 Findings in relation to osteoporosis 

As previously stated, osteoporosis and fragility fractures are common in the ageing population and 

associated with significant morbidity and mortality. The findings of this thesis have the potential to 

improve our understanding of the disease and the pathology underlying it. 

DXA-measured BMD is the primary imaging modality for assessing osteoporosis in clinical practice; 

however, it is limited to two dimensions. Bone strength is determined by three parameters; size, 

shape and architecture338. The two dimensions of DXA provides measures of bone size and shape 

but not bone microarchitecture. In describing the change in HR-pQCT over approximately 5 years, 

and in a specific cohort of the UK population, we are able to contribute to the overall understanding 

of how bone architecture (and therefore bone strength) change as we age. 

Our EWAS findings for bone mineral density, although limited by a paucity of statistically significant 

findings and that the tissue used for methylation array was blood and not bone, did imply that the 

regulation of the actin cytoskeleton was associated with bone mineral density. This highlights the 

actin cytoskeleton as a potential avenue for further osteoporosis research and lends support to the 

importance of research into filamins as possible therapeutic interventions in the future326. 

Our findings suggest that the current epigenetic clocks do not robustly predict future skeletal 

phenotypes and so the use of these biomarkers for identifying those at adverse bone health 

(osteoporosis and fragility fractures) may be limited. 



4.5.2 Findings in relation to sarcopenia 

Sarcopenia can be defined according to reduced muscle mass, loss of muscle strength and 

impairment of muscle function11. In this research we have highlighted the potential for epigenetic 

clocks (particularly the second-generation clocks) to identify those at risk of lower gait speed 

(muscle function) and grip strength (muscle strength) at approximately 10 or even 17 years of 

follow-up. This suggests that, with replication and further study, methylation profiles could be used 

to identify those at risk of sarcopenia, so that they can be targeted with interventions to improve 

outcomes. 

Through EWAS of grip strength we identified (within the limitation of statistical power and tissue-

specificity) a locus which implicated ECE1 and muscle blood-flow in muscle health. With further 

replicatory and confirmatory work this may prove to play a role in the pathogenesis of the muscle 

weakness associated with ageing and provide a therapeutic target for sarcopenia. 

 

 

4.6 Summary of findings 

We have described the bone microarchitectural changes occurring within the cortical and 

trabecular compartments, together with the age-related changes in grip strength and femoral neck 

BMD in a group of community-dwelling older adults in the UK. We have demonstrated that baseline 

cortical and BMD levels, rather than longitudinal change (except for the case of trabecular area), 

were associated with prevalent fracture. We have also shown borderline associations between a 

SNP in the ABCF2 gene and trabecular area, and between a SNP in the WNT16 gene and change in 

trabecular density. 

We have demonstrated that measures of epigenetic age acceleration have the ability in certain 

circumstances to predict (or are cross-sectionally associated with) elements of musculoskeletal 

ageing. These findings appear to have a sexual dimorphism and the most significant findings were 

for the prediction by GrimAge acceleration for muscle outcomes of gait speed and grip strength. 

Losses in bone mineral density and in the trabecular compartment were, to some extent, predicted 

by the GrimAge and PhenoAge measure, but cross-sectional associations seemed to demonstrate 

the counterintuitive finding of greater age acceleration being associated with higher bone density 

(though the majority of associations did not reach statistical significance). Future work in other 

cohorts and using novel clocks is required to further explore this field of research, and further 

unlock the role played by biological ageing in musculoskeletal health. 
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Our epigenome-wide analyses are exploratory and subject to limitations of tissue-specificity and 

statistical power. However, we have presented biologically plausible explanations for the 

association with genes, pathways and ontologies we have observed. In particular, the association 

observed between maximum grip strength and cg00960509 could be explained by the role played 

by endothelin-converting enzyme 1 in skeletal vascular manipulation, and the actin regulatory 

pathway associated with total femoral neck BMD may be explained by the changing motility of 

osteoclasts as they carry out bone resorption. 

With regard to the title question of this thesis “Does accelerated epigenetic ageing predict future 

musculoskeletal ageing?”, it is apparent that some elements of the future musculoskeletal 

phenotype can be predicted (for example GrimAge acceleration and gait speed) by baseline 

epigenetic biomarkers. However, this is certainly not the case for all musculoskeletal parameters 

and neither is it the case across the sexes. 

 

4.7 Future work 

The future exploration which is warranted by this thesis can be divided into two programs of work.  

Epigenetic age acceleration and accelerated musculoskeletal ageing 

• To utilize novel methylation clocks (as they arise) to investigate their performance as 

predictive biomarkers of the musculoskeletal phenotype 

• To develop clocks, using methods including elastic net regression, to predict future 

musculoskeletal phenotypes more accurately 

• To examine further the relationships between epigenetic age acceleration and 

musculoskeletal phenotypes in the wider age range (approximately 18-85 years) in the 

Hertfordshire Intergenerational Study (composed of original HCS participants, their 

children and grandchildren) 

Epigenome-wide exploratory analyses 

• To utilize RNAseq or pyrosequencing to investigate whether the association between grip 

strength and ECE1 is replicable. 

• To perform additional epigenome-wide association analyses in the HCS including cross-

sectional bone microarchitecture and change in bone microarchitecture 

• Having primarily examined bone and muscle outcomes, further work is planned to analyse 

differential methylation associations in osteoarthritis within the Hertfordshire Cohort study 



 

4.8 Conclusion 

With the widespread propagation of the diseases of musculoskeletal ageing and their association 

with increased mortality and morbidity a more precise description of the ageing of bone and 

muscle, novel biomarkers are required to predict those at greatest need of intervention and the 

discovery of new therapeutic targets is necessitated. 

In response to this call to action, this doctoral thesis has described the changes in bone 

microarchitecture, grip strength and bone mineral density in UK cohort of older adults. It has 

highlighted the predictive power of the GrimAge epigenetic clock to identify those at risk of 

muscular ageing and deterioration and has identified potential epigenetic targets in ECE1 and the 

actin cytoskeleton which warrant further research. 
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Appendix 1: Literature review of change in bone microarchitecture. Note that not all papers quoted in this table directly relate to the research aims of this doctoral 

thesis but all were examined as part of a wider literature review. 

Author Year Scan-
type 

Population N Study Design Results and comment 

Warming 
L339 

2002 DXA Danish men and 
women (20-80y) 

398 females 

222 males 

Longitudinal 

(2-year follow-up) 

• In women after the menopause and in men there was 
an age-related bone loss 0.002-0.006g/cm2/year at all 
sites 

Lauretani 
F340 

2008 QCT Italian men and 
women (21-102y) 

464 females 

345 males 

Longitudinal 

(6-year follow-up) 

• Tibial total volumetric BMD change between 20 year 
old and 90 year old: 

o Males -61.1mg/cm3 (-18.5%) 
o Females -91.5mg/cm3 (-36.4%) 

Burt LA65 2017 HR-pQCT Peri- and post-
menopausal women 

(CaMOS cohort) 

Perimenopausal - 26 

Postmenopausal - 65 

Longitudinal  

(6-year follow-up) 

• Radial total BMD: 
o Peri-menopausal 331.9mg/cm3 vs 

postmenopausal 291.4mg/cm3 (p<0.01) 

• No significant difference in change in density across 
the groups 

• Tibial Cortical Porosity (significant difference, p<0.05) 
o Peri-menopausal +9%/year 
o Postmenopausal +6%/year 

• Tibial Total Area (significant difference p<0.02) 

 



Author Year Scan-
type 

Population N Study Design Results and comment 

Boutroy S63 2005 HR-pQCT Healthy pre-
menopausal, 
osteopenic 
postmenopausal, 
osteoporotic 
postmenopausal 

Healthy 
premenopausal – 108 

osteopenic 
postmenopausal – 113 

osteoporotic 
postmenopausal - 35 

Cross-sectional • Postmenopausal had significantly differences in the 
following parameters compared to healthy 
premenopausal (p<0.001) 

o Lower density (-36.3%) 
o Lower Trabecular number (-20.4%) 
o Lower cortical thickness (-41.4%) 

• Osteoporotic females had significant differences in 
the following parameters compared to osteopenic 
females (p<0.01) 

o Lower density (-15.7%) 
o Lower Cortical thickness (-18.1%) 
o Higher trabecular separation (12.3%) 

Nishiyama 
KK67 

2010 HR-pQCT Pre- and 
postmenopausal 
women  

(CaMOS cohort) 

Normal 
premenopausal -63 

Normal 
postmenopausal - 87 
Osteopenic 
postmenopausal – 121 

Osteoporotic 
postmenopausal - 9 

Cross-sectional • Postmenopausal women had significant differences in 
the following parameters compared to healthy 
premenopausal women: 

o Cortical porosity (range of difference 3.2% to 
12.9%, p<0.001) 

• Osteopenic and osteoporotic women had significant 
differences in the following parameters compared to 
healthy females: 

o  Lower cortical thickness (range of difference 
-12.8% to -30.3%, p<0.01) 

o Higher cortical porosity (range of difference 
2.1% to 8.1%, p<0.001) 
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Author Year Scan-
type 

Population N Study Design Results and comment 

Kawalilak 
CE86 

2014 HR-pQCT Postmenopausal 
women 

N=51 Longitudinal  

(1-year follow-up) 

• Comparing the bone microarchitecture from baseline 
to 1 year follow up the following were observed: 

o Trabecularisation at the radius was noted 
(trabecular separation increased by 28.6%, 
p=0.002) 

o In the non-medicated population changes 
noted over 1 year of follow-up included 
(mean annual percentage change, all 
p<0.001)) 

▪ Reduced Cortical area (-3.1%/year) 
▪ Increased Trabecular area 

(2.3%/year) 
▪ Reduced total density (-4.3%/year) 
▪ Reduced Cortical density 

(14.6%/year) 
▪ Reduced Cortical thickness 

(28.8%/year) 

Laib A341 1998 HR-pQCT Postmenopausal 
women 

N=17 Pilot Prototype HR-pQCT used with an isotropic resolution of 
165µm (60 slices), 9.9mm total thickness and image 
resolution 512 x 512 

Liu CT342 2017 HR-pQCT Framingham 
Osteoporosis Study  

N= 710 (58% female) Cross-sectional • Investigating the association between visceral 
adipose tissue and bone microarchitecture 

• Associations not significant when adjusting for BMI or 
weight 

 



Author Year Scan-
type 

Population N Study Design Results and comment 

Sornay-
Rendu E71 

2017 HR-pQCT Postmenopausal 
women  

(OFELY cohort) 

N=589 Longitudinal 

(9.6-year follow-
up) 

• Study investigating the ability of bone 
microarchitecture to predict future fracture 

• Trabecular compartment of the radius is the most 
significant for predicting future fracture  

• Trabecular BMD: HR 1.39 (for each quartile decrease 
in BMD), p=0.001) 

Butscheidt 
S72 

2018 HR-pQCT Postmenopausal 
women on 
denosumab 

N=182 

(22 sustained fracture) 

Longitudinal  

(>1-year follow-
up) 

• Trabecular parameters at baseline best predicted 
future fracture 

• Trabecular and cortical parameters increased at 12 
months in non-fracture group compared to fracture 
group 

Biver E69 2017 HR-pQCT Postmenopausal 
women 

(GERICO cohort) 

N=740 

(68 sustained fracture) 

Longitudinal 

(5-year follow-up) 

• Total volumetric BMD was best at predicting future 
fracture beyond femoral neck BMD (AUC 0.76 vs 0.70, 
p=0.022) and beyond FRAX® with BMD (AUC 0.76 vs 
0.71, p=0.015) 

Shanbhogue 
VV66 

2016 HR-pQCT Adults across the 
lifecourse (aged 21-
82y) 

N=260 Longitudinal 

(3-year follow-up) 

• Annualised change in tibial volumetric BMD: 
o Premenopausal females: 0.28%/year 
o Post-menopausal females: -0.42%/year 
o Males aged 20-49 years: 0.13%/year 
o Males aged over 50 years: 0.15%/year 
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Author Year Scan-
type 

Population N Study Design Results and comment 

de Jong 
JJA80 

2016 HR-pQCT Distal radius fracture 
in postmenopausal 
women 

N=14 Longitudinal  

(2-year follow-up) 

• Comparison of fractured to non-fractured radius 

• Fractured side has increased cortical (21% higher) and 
trabecular (55% higher) thickness at one year 

de Jong 
JJA343 

2017 HR-pQCT Distal radius fracture 
in postmenopausal 
women 

N=15 Longitudinal  

(2-year follow-up) 

• Significant declines in BMD in cortical but not 
trabecular region on contralateral (non-fracture) side 
at 2 years post-fracture (greater changes than would 
be expected simply through ageing) 

Gabel L88 2017 HR-pQCT Children/adolescents 173 males 

136 females 

Cross-sectional • Study investigating the effect of physical activity 
(measures by accelerometer) on bone 
microarchitecture 

• Sedentary activity associated with detrimental effects 
on bone microarchitecture 

Burghardt 
AJ87 

2010 HR-pQCT Post-menopausal 
women randomised to 
alendronate or control 

N=53 Randomised 
controlled trial (24 
months follow-up) 

• Those taking alendronate had: 
o Higher cortical volumetric BMD at the tibia 

(p<0.05) 
o Higher trabecular BMD and cortical thickness 

at the radius (p<0.05) 

Gabel L68 2018 HR-pQCT Children/adolescents 184 males 

209 females 

Longitudinal  

(2-year follow-up) 

• Growth curves presented in the paper 

• Increase in trabecular thickness (with little change in 
trabecular number or trabecular separation) 
throughout growth 

• Trabeculae thicken and remodel with each 
subsequent remodelling cycle 



 

Author Year Scan-
type 

Population N Study Design Results and comment 

Burt LA70 2018 HR-pQCT Postmenopausal 
women 

(CaMOS cohort) 

N=149 

22 sustained fracture 

Longitudinal 

(5-year follow-up) 

• Baseline values of bone microarchitecture 
parameters rather than rate of change plays a more 
significant role in predicting future fractures. 

• At baseline at the radius total BMD (OR 2.1) and 
trabecular BMD (OR 2.0) were best predictors of 
fracture 

• At baseline at the tibia total BMD (OR 2.1) and 
cortical thickness (OR 2.2) were best predictors of 
future fracture 

Burt LA85 2017 HR-pQCT Lifecourse assessment 
(ages 16-80 y) 

N=466 Longitudinal 

(5-year follow-up) 

• Findings presented by age group in paper 

• Gains in bone microarchitecture radius > tibia 

• With advancing age: 
o Increased trabecular area and cortical 

porosity 
o Reduced cortical density, thickness, area 
o Reduced volumetric BMD in older adult 

subgroups 

  



 

153 

 

Appendix 2: 2017 Hertfordshire Bone Study (HBS17) participant information leaflet 

 

 



Appendix 3: Consent form for the 2017 Hertfordshire Bone Study (HBS17) 
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Appendix 4: Ethical approval for 2017 visit of the Hertfordshire Bone Study (HBS17)  
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Appendix 5: HBS17 Questionnaire and physical performance data collection sheet 
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Appendix 6: Descriptive statistics for radial HR-pQCT parameters at baseline (2011-2012) and for changes in parameters from EPOSA to HBS17220 

 

  



Appendix 7: Odds ratios for previous fracture per standard deviation difference in both baseline values and changes in parameters at the radius220 
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Appendix 8: Odds ratios for previous fracture per standard deviation difference in both baseline values and changes in parameters for fully-adjusted models and those 

additionally adjusted for bisphosphonate usage. 

 

Fully-adjusted
Additionally adjusted for 

bisphosphonate use

Tibial (baseline values)

Trabecular area (mm2) 2.18 (1.27,3.73) 0.005 2.17 (1.26,3.74) 0.005

Total volumetric bone density (mg/cm3) 0.53 (0.34,0.84) 0.007 0.55 (0.35,0.87) 0.011

Trabecular density (mg/cm3) 0.72 (0.49,1.06) 0.099 0.76 (0.51,1.12) 0.164

Trabecular number (mm-1) 0.96 (0.64,1.43) 0.836 1.02 (0.67,1.54) 0.935

Trabecular thickness (mm) 0.69 (0.48,1.00) 0.052 0.71 (0.48,1.03) 0.07

Trabecular separation (um) 1.10 (0.74,1.64) 0.626 1.04 (0.69,1.57) 0.861

Cortical area (mm2) 0.53 (0.30,0.95) 0.032 0.55 (0.31,0.97) 0.04

Cortical bone mineral density (mg/cm3) 0.56 (0.36,0.88) 0.011 0.57 (0.37,0.90) 0.015

Cortical porosity (%) 0.96 (0.67,1.37) 0.808 0.93 (0.65,1.35) 0.718

Cortical thickness (mm) 0.45 (0.27,0.77) 0.004 0.46 (0.27,0.79) 0.004

Cortical pore diameter (um) 0.71 (0.49,1.03) 0.07 0.69 (0.48,1.01) 0.057

Tibial (longitudinal changes)

Trabecular area % change 1.01 (0.71,1.44) 0.945 0.99 (0.69,1.42) 0.969

Total volumetric bone density % change 0.75 (0.53,1.07) 0.117 0.76 (0.53,1.09) 0.13

Trabecular density % change 0.50 (0.34,0.75) 0.001 0.49 (0.33,0.74) 0.001

Trabecular number % change 0.91 (0.64,1.29) 0.584 0.88 (0.62,1.27) 0.499

Trabecular thickness % change 0.88 (0.62,1.27) 0.502 0.90 (0.63,1.30) 0.577

Trabecular separation % change 1.13 (0.79,1.60) 0.515 1.16 (0.81,1.66) 0.431

Cortical area % change 0.98 (0.68,1.40) 0.908 0.99 (0.69,1.42) 0.966

Cortical bone mineral density % change 1.00 (0.70,1.42) 0.987 1.00 (0.70,1.42) 0.987

Cortical porosity % change 0.73 (0.51,1.05) 0.09 0.75 (0.52,1.08) 0.123

Cortical thickness % change 0.91 (0.64,1.30) 0.597 0.90 (0.63,1.29) 0.564

Cortical pore diameter % change 0.82 (0.56,1.20) 0.309 0.84 (0.57,1.24) 0.376



Appendix 9: Odds of fracture associated with Z-scores of baseline and percentage change in grip strength and baseline and percentage change in femoral neck BMD.  

Unadjusted models and those adjusted for age, sex, dietary calcium, physical activity, alcohol consumption, smoking and social class are included. Change 

variables were additionally adjusted for follow-up time. The odds ratios and p-values for additional adjustment of bisphosphonate use for bone outcomes is 

shown in the columns on the right. 

 

 

 

 

Unadjusted Adjusted Adjusted with 

bisphosphonates
Z-scores Odds Ratio p-value Odds Ratio p-value Odds Ratio p-value

Baseline grip strength 0.96 0.80 0.97 0.86 NA NA
Percentage change in grip 

strength

0.77 0.10 0.73 0.08 NA NA

Baseline femoral neck BMD 0.61 0.003 0.54 0.006 0.60 0.01
Percentage change in femoral 

neck BMD

1.30 0.14 1.42 0.09 1.35 0.18
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Appendix 10: Histograms for epigenetic age acceleration distribution for HorvathAge 

acceleration, PhenoAge acceleration and GrimAge acceleration within the 450k (left) 

and 850k (right) arrays. 

 

 

 

  



Appendix 11: Density plots depicting the distribution of epigenetic age and chronological age (A) 

and epigenetic age acceleration measures (B). 

A 

 

B 
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Appendix 12: Regression coefficients and p-vales for associations between PhenoAge Acceleration and maximum grip strength and gait speed measured at HCS baseline 

(1998-2004), EPOSA (2011-12) and HBS17 (2017).  

Model 1 is unadjusted, Model 2 is adjusted for age, height and BMI and Model 3 is adjusted additionally for social class, physical activity, prudent diet, ever 

smoked regularly and alcohol consumption.  Red highlighting indicates a statistically significant result (p<0.05). 

 

Grip

Model 1 Model 2 Model 3

Males Females Males Females Males Females

beta p beta p beta p beta p beta p beta p

Baseline -0.64 (-1.56,0.27) 0.165 -0.16 (-0.87,0.55) 0.665 -0.63 (-1.42,0.16) 0.119 -0.15 (-0.86,0.56) 0.68 -0.57 (-1.39,0.26) 0.179 -0.14 (-0.86,0.57) 0.694

EPOSA -1.10 (-2.06,-0.15) 0.024 0.25 (-0.64,1.14) 0.58 -1.05 (-1.94,-0.16) 0.021 0.36 (-0.52,1.23) 0.425 -0.88 (-1.80,0.04) 0.062 0.32 (-0.55,1.18) 0.474

HBS17 -0.87 (-2.19,0.44) 0.191 -0.18 (-1.33,0.96) 0.753 -0.69 (-1.88,0.50) 0.252 -0.07 (-1.19,1.04) 0.894 -0.56 (-1.83,0.71) 0.383 -0.12 (-1.25,1.01) 0.835

Gait

Model 1 Model 2 Model 3

Males Females Males Females Males Females

beta p beta p beta p beta p beta p beta p

Baseline NA NA -0.01 (-0.04,0.02) 0.402 NA NA -0.00 (-0.03,0.02) 0.766 NA NA -0.00 (-0.03,0.02) 0.748

EPOSA -0.02 (-0.04,0.01) 0.199 -0.01 (-0.04,0.02) 0.416 -0.01 (-0.03,0.02) 0.612 -0.01 (-0.03,0.02) 0.64 -0.01 (-0.03,0.02) 0.573 -0.00 (-0.03,0.02) 0.771

HBS17 -0.04 (-0.07,-0.01) 0.008 -0.01 (-0.05,0.03) 0.488 -0.03 (-0.06,0.00) 0.062 -0.01 (-0.05,0.03) 0.75 -0.04 (-0.07,-0.00) 0.035 -0.00 (-0.04,0.04) 0.938



Appendix 13: Regression coefficients and p-vales for associations between HorvathAge Acceleration and maximum grip strength and gait speed measured at HCS 

baseline (1998-2004), EPOSA (2011-12) and HBS17 (2017).  

Model 1 is unadjusted, Model 2 is adjusted for age, height and BMI and Model 3 is adjusted additionally for social class, physical activity, prudent diet, ever 

smoked regularly and alcohol consumption. Statistically significant results are highlighted in red (p<0.05). 

 

 

 

  

Grip

Model 1 Model 2 Model 3

Males Females Males Females Males Females

beta p beta p beta p beta p beta p beta p

Baseline -0.22 (-1.17,0.74) 0.656 0.07 (-0.63,0.76) 0.847 0.13 (-0.69,0.96) 0.748 0.07 (-0.62,0.76) 0.845 0.32 (-0.52,1.16) 0.452 -0.02 (-0.71,0.68) 0.963

EPOSA -0.53 (-1.57,0.50) 0.313 0.10 (-0.78,0.97) 0.831 0.02 (-0.94,0.99) 0.96 0.18 (-0.69,1.04) 0.685 0.07 (-0.90,1.04) 0.886 0.09 (-0.76,0.95) 0.832

HBS17 -0.43 (-2.00,1.14) 0.588 -0.57 (-1.75,0.61) 0.338 0.02 (-1.34,1.38) 0.974 -0.58 (-1.72,0.55) 0.308 0.23 (-1.21,1.67) 0.754 -0.36 (-1.51,0.79) 0.535

Gait

Model 1 Model 2 Model 3

Males Females Males Females Males Females

beta p beta p beta p beta p beta p beta p

Baseline NA NA -0.03 (-0.06,-0.00) 0.032 NA NA -0.03 (-0.06,-0.00) 0.027 NA NA -0.03 (-0.06,-0.00) 0.026

EPOSA -0.02 (-0.04,0.01) 0.199 -0.01 (-0.04,0.02) 0.416 -0.01 (-0.03,0.02) 0.612 -0.01 (-0.03,0.02) 0.64 -0.01 (-0.03,0.02) 0.573 -0.00 (-0.03,0.02) 0.771

HBS17 -0.01 (-0.04,0.03) 0.751 0.00 (-0.04,0.04) 0.973 -0.00 (-0.04,0.04) 0.985 -0.00 (-0.04,0.04) 0.866 -0.01 (-0.05,0.03) 0.658 -0.00 (-0.05,0.04) 0.854
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Appendix 14: Regression coefficients and p-vales for associations between epigenetic age acceleration measures and percentage and absolute change in gait speed 

between EPOSA (2011-12) and HBS17 (2017).  

Model 1 is unadjusted, Model 2 is adjusted for age, height and BMI and follow-up time and Model 3 is adjusted additionally for social class, physical activity, 

prudent diet, ever smoked regularly and alcohol consumption. Red highlighting indicates a statistically significant result (p<0.05). 

 

percentage 
change in 
gait speed

Model 1 Model 2 Model 3

Males Females Males Females Males Females

beta p beta p beta p beta p beta p beta p
GrimAge 
Acceleration -3.38 (-8.37,1.62) 0.183 -3.94 (-10.60,2.71) 0.242 -2.49 (-7.95,2.96) 0.366 -3.52 (-10.22,3.18) 0.3 -1.11 (-7.65,5.42) 0.735 -3.13 (-11.03,4.78) 0.434

PhenoAge 
Acceleration -1.19 (-5.30,2.92) 0.566 -1.50 (-7.54,4.55) 0.624 -0.33 (-4.72,4.06) 0.883 -1.55 (-7.51,4.41) 0.605 -0.61 (-5.23,4.01) 0.793 -0.76 (-6.98,5.45) 0.808

Horvath Age 
Acceleration 0.19 (-4.75,5.13) 0.939 1.31 (-4.89,7.50) 0.676 0.84 (-4.20,5.88) 0.741 0.68 (-5.38,6.75) 0.823 0.18 (-5.11,5.46) 0.947 0.26 (-6.06,6.58) 0.934

absolute 
change in 
gait speed

Model 1 Model 2 Model 3

Males Females Males Females Males Females

beta p beta p beta p beta p beta p beta p
GrimAge 
Acceleration 0.01 (-0.02,0.05) 0.456 0.04 (-0.01,0.08) 0.103 0.01 (-0.04,0.05) 0.714 0.03 (-0.01,0.08) 0.122 -0.01 (-0.06,0.04) 0.771 0.03 (-0.02,0.08) 0.238

PhenoAge 
Acceleration 0.00 (-0.03,0.04) 0.836 0.01 (-0.03,0.05) 0.726 -0.00 (-0.04,0.03) 0.914 0.01 (-0.03,0.05) 0.686 -0.00 (-0.04,0.04) 0.941 -0.00 (-0.04,0.04) 0.996

Horvath Age 
Acceleration -0.00 (-0.04,0.03) 0.847 -0.01 (-0.05,0.03) 0.593 -0.01 (-0.05,0.03) 0.677 -0.01 (-0.05,0.03) 0.719 -0.00 (-0.05,0.04) 0.816 -0.00 (-0.05,0.04) 0.834



Appendix 15: Regression coefficients and p-vales for associations between epigenetic age 

acceleration measures and percentage and absolute change in gait speed from HCS 

baseline (1998-2004) to EPOSA (2011-12, upper table) or HBS17 (2017, lower table).  

Model 1 is unadjusted, Model 2 is adjusted for age, height and BMI and follow-up time 

and Model 3 is adjusted additionally for social class, physical activity, prudent diet, ever 

smoked regularly and alcohol consumption. Red highlighting indicates a statistically 

significant result (p<0.05).  

 

 

HCS baseline to EPOSA
Model 1 Model 2 Model 3

Females Females Females

percentage change in gait speed beta p beta p beta p

GrimAge Acceleration -5.32 (-10.33,-0.31) 0.038 -4.25 (-9.40,0.89) 0.104 -3.40 (-9.17,2.37) 0.244

PhenoAge Acceleration -3.60 (-7.49,0.28) 0.069 -3.18 (-7.12,0.77) 0.113 -3.34 (-7.35,0.67) 0.101

Horvath Age Acceleration (residual) -1.86 (-6.13,2.41) 0.389 -1.40 (-5.70,2.90) 0.52 -1.17 (-5.48,3.14) 0.591

Model 1 Model 2 Model 3

Females Females Females

absolute change in gait speed beta p beta p beta p

GrimAge Acceleration 0.04 (-0.01,0.09) 0.108 0.04 (-0.02,0.09) 0.178 0.03 (-0.03,0.08) 0.381

PhenoAge Acceleration 0.03 (-0.01,0.06) 0.19 0.02 (-0.02,0.06) 0.239 0.03 (-0.01,0.07) 0.212

Horvath Age Acceleration (residual) 0.01 (-0.03,0.05) 0.658 0.01 (-0.04,0.05) 0.76 0.00 (-0.04,0.05) 0.83

HCS baseline to HBS17
Model 1 Model 2 Model 3

Females Females Females

percentage change in gait speed beta p beta p beta p

GrimAge Acceleration -3.03 (-11.21,5.16) 0.459 -1.51 (-10.80,7.77) 0.743 0.75 (-8.75,10.25) 0.874

PhenoAge Acceleration -0.24 (-6.82,6.34) 0.941 0.83 (-6.23,7.90) 0.812 1.13 (-6.36,8.63) 0.76

Horvath Age Acceleration (residual) -0.48 (-7.13,6.17) 0.885 0.14 (-6.88,7.15) 0.969 1.54 (-5.66,8.73) 0.666

Model 1 Model 2 Model 3

Females Females Females

absolute change in gait speed beta p beta p beta p

GrimAge Acceleration 0.02 (-0.06,0.10) 0.667 0.01 (-0.08,0.10) 0.826 -0.02 (-0.11,0.07) 0.681

PhenoAge Acceleration -0.01 (-0.07,0.06) 0.814 -0.01 (-0.08,0.06) 0.686 -0.02 (-0.09,0.05) 0.569

Horvath Age Acceleration (residual) -0.01 (-0.07,0.06) 0.785 -0.01 (-0.08,0.05) 0.68 -0.03 (-0.10,0.04) 0.35
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Appendix 16: GrimAge acceleration associations with total spine, total femoral and total femoral neck BMD 

  

  

Model 1 Model 2

Male Female Male Female

Beta p Beta p Beta p Beta p

Total spinal BMD

Baseline 0.01 (-0.01,0.04) 0.172 0.03 (0.00,0.06) 0.039 0.02 (-0.01,0.04) 0.205 0.02 (-0.01,0.05) 0.203

MSFU 0.01 (-0.01,0.04) 0.335 0.04 (0.01,0.08) 0.009 0.01 (-0.02,0.04) 0.428 0.02 (-0.01,0.06) 0.184

%change baseline to MSFU 0.03 (-0.10,0.16) 0.675 0.24 (-0.04,0.52) 0.098 -0.05 (-0.19,0.10) 0.55 0.03 (-0.28,0.35) 0.843

Total femoral BMD

Baseline 0.01 (-0.00,0.03) 0.129 0.02 (-0.01,0.04) 0.18 0.01 (-0.01,0.03) 0.197 0.01 (-0.02,0.03) 0.605

MSFU 0.01 (-0.01,0.03) 0.413 0.02 (0.00,0.05) 0.043 0.01 (-0.02,0.03) 0.602 0.01 (-0.01,0.03) 0.349

EPOSA 0.02 (-0.00,0.04) 0.085 0.02 (-0.01,0.04) 0.159 0.01 (-0.02,0.04) 0.46 0.01 (-0.02,0.04) 0.429

HBS17 0.00 (-0.03,0.04) 0.92 0.01 (-0.03,0.05) 0.589 -0.03 (-0.07,0.01) 0.189 -0.00 (-0.04,0.04) 0.887

Change

%change baseline to MSFU -0.10 (-0.19,-0.00) 0.04 0.16 (-0.05,0.38) 0.136 -0.12 (-0.24,-0.01) 0.031 0.15 (-0.10,0.40) 0.227

%change baseline to EPOSA 0.55 (-0.77,1.87) 0.413 -0.08 (-1.59,1.42) 0.912 0.24 (-1.30,1.79) 0.755 0.26 (-1.47,1.99) 0.769

%change baseline to HBS17 -1.11 (-3.13,0.91) 0.277 -0.97 (-3.24,1.31) 0.401 -2.68 (-5.03,-0.33) 0.026 -0.93 (-3.92,2.06) 0.538

%change EPOSA to HBS17 -0.30 (-1.10,0.51) 0.468 -1.71 (-2.91,-0.52) 0.005 -0.95 (-1.94,0.05) 0.061 -1.67 (-3.29,-0.06) 0.043

Total femoral neck BMD

Baseline 0.01 (-0.01,0.03) 0.257 0.01 (-0.01,0.03) 0.266 0.01 (-0.01,0.02) 0.557 0.00 (-0.02,0.02) 0.686

MSFU 0.01 (-0.01,0.02) 0.522 0.02 (-0.00,0.04) 0.077 -0.00 (-0.02,0.02) 0.79 0.01 (-0.01,0.03) 0.459

EPOSA 0.02 (-0.00,0.04) 0.053 0.01 (-0.01,0.04) 0.3 0.01 (-0.01,0.04) 0.287 0.01 (-0.02,0.03) 0.542

HBS17 0.00 (-0.03,0.03) 0.934 0.01 (-0.02,0.04) 0.619 -0.03 (-0.07,0.01) 0.172 -0.01 (-0.04,0.03) 0.782

Change

%change baseline to MSFU -0.06 (-0.18,0.07) 0.397 0.23 (-0.03,0.49) 0.088 -0.12 (-0.28,0.03) 0.116 0.20 (-0.11,0.50) 0.201

%change baseline to EPOSA 1.60 (0.03,3.17) 0.046 -0.04 (-1.88,1.80) 0.966 1.86 (0.02,3.70) 0.048 0.18 (-1.88,2.24) 0.864

%change baseline to HBS17 -0.53 (-2.96,1.90) 0.667 -0.40 (-2.86,2.06) 0.748 -1.26 (-4.09,1.57) 0.38 -0.22 (-3.35,2.91) 0.89

%change EPOSA to HBS17 -0.33 (-1.34,0.68) 0.513 -0.91 (-2.17,0.34) 0.151 -0.87 (-2.10,0.36) 0.164 -1.11 (-2.70,0.48) 0.17



Appendix 17: PhenoAge acceleration associations with total spine, total femoral and total femoral neck BMD 

   

Model 1 Model 2

Male Female Male Female

Beta p Beta p Beta p Beta p

Total spinal BMD

Baseline 0.01 (-0.01,0.03) 0.33 0.02 (-0.00,0.05) 0.063 0.01 (-0.02,0.03) 0.576 0.02 (-0.00,0.04) 0.101

MSFU 0.01 (-0.01,0.03) 0.446 0.01 (-0.01,0.04) 0.296 0.01 (-0.02,0.03) 0.546 0.01 (-0.01,0.03) 0.403

%change baseline to MSFU -0.05 (-0.17,0.07) 0.447 -0.08 (-0.31,0.15) 0.479 -0.07 (-0.20,0.06) 0.311 -0.11 (-0.33,0.11) 0.326

Total femoral BMD

Baseline 0.01 (-0.00,0.03) 0.157 0.02 (-0.00,0.04) 0.07 0.00 (-0.02,0.02) 0.921 0.01 (-0.00,0.03) 0.132

MSFU 0.01 (-0.01,0.03) 0.374 0.01 (-0.00,0.03) 0.127 -0.00 (-0.02,0.02) 0.899 0.01 (-0.01,0.03) 0.205

EPOSA 0.01 (-0.01,0.03) 0.397 0.02 (-0.00,0.04) 0.071 -0.00 (-0.03,0.02) 0.757 0.02 (-0.00,0.04) 0.096

HBS17 0.02 (-0.18,0.21) 0.867 -0.20 (-0.43,0.04) 0.099 -0.07 (-0.30,0.16) 0.532 -0.16 (-0.43,0.10) 0.228

Change

%change baseline to MSFU -0.08 (-0.16,0.01) 0.098 0.11 (-0.06,0.28) 0.21 -0.08 (-0.18,0.02) 0.107 0.10 (-0.08,0.27) 0.275

%change baseline to EPOSA -0.41 (-1.65,0.83) 0.513 0.35 (-0.93,1.63) 0.588 -0.13 (-1.40,1.14) 0.839 0.46 (-0.85,1.76) 0.491

%change baseline to HBS17 0.19 (-1.50,1.88) 0.823 -0.87 (-3.03,1.29) 0.425 -0.22 (-2.00,1.57) 0.811 -0.86 (-3.28,1.56) 0.482

%change EPOSA to HBS17 0.02 (-0.65,0.70) 0.944 -1.06 (-2.23,0.11) 0.075 -0.35 (-1.10,0.39) 0.346 -0.98 (-2.28,0.32) 0.136

Total femoral neck BMD

Baseline 0.02 (-0.00,0.03) 0.064 0.02 (0.00,0.04) 0.011 0.00 (-0.01,0.02) 0.58 0.02 (0.00,0.03) 0.012

MSFU 0.01 (-0.00,0.03) 0.149 0.02 (0.00,0.03) 0.026 0.00 (-0.01,0.02) 0.763 0.02 (0.00,0.03) 0.026

EPOSA 0.02 (-0.00,0.04) 0.127 0.02 (0.00,0.04) 0.024 0.00 (-0.02,0.03) 0.691 0.02 (0.00,0.04) 0.029

HBS17 0.07 (-0.12,0.26) 0.485 0.07 (-0.17,0.31) 0.539 -0.07 (-0.29,0.15) 0.544 0.12 (-0.14,0.38) 0.373

Change

%change baseline to MSFU -0.04 (-0.16,0.08) 0.526 0.09 (-0.12,0.30) 0.394 -0.05 (-0.19,0.08) 0.422 0.08 (-0.13,0.30) 0.459

%change baseline to EPOSA -0.26 (-1.75,1.23) 0.73 -0.12 (-1.68,1.45) 0.882 0.24 (-1.28,1.77) 0.754 -0.06 (-1.62,1.50) 0.938

%change baseline to HBS17 0.52 (-1.50,2.55) 0.608 0.31 (-2.02,2.65) 0.79 0.11 (-1.99,2.20) 0.918 0.39 (-2.14,2.93) 0.757

%change EPOSA to HBS17 0.20 (-0.64,1.04) 0.639 0.09 (-1.13,1.30) 0.89 -0.25 (-1.17,0.66) 0.583 0.20 (-1.08,1.48) 0.753
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Appendix 18: HorvathAge acceleration associations with total spine, total femoral and total femoral 

neck BMD 

 

 

Model 1 Model 2

Male Female Male Female

Beta p Beta p Beta p Beta p

Total spinal BMD

Baseline 0.01 (-0.01,0.03) 0.369 0.02 (-0.01,0.04) 0.191 0.01 (-0.01,0.03) 0.238 0.01 (-0.01,0.04) 0.233

MSFU 0.01 (-0.01,0.04) 0.428 0.02 (-0.01,0.04) 0.183 0.01 (-0.01,0.04) 0.252 0.01 (-0.01,0.04) 0.288

%change baseline to MSFU -0.00 (-0.13,0.13) 0.974 0.11 (-0.11,0.34) 0.316 0.01 (-0.12,0.13) 0.931 0.09 (-0.13,0.31) 0.439

Total femoral BMD

Baseline 0.00 (-0.02,0.02) 0.771 0.01 (-0.01,0.03) 0.253 0.00 (-0.01,0.02) 0.61 0.01 (-0.01,0.03) 0.226

MSFU -0.00 (-0.02,0.02) 0.867 0.01 (-0.00,0.03) 0.121 -0.00 (-0.02,0.02) 0.995 0.01 (-0.00,0.03) 0.14

EPOSA -0.00 (-0.02,0.02) 0.862 0.01 (-0.01,0.03) 0.351 -0.00 (-0.02,0.02) 0.994 0.01 (-0.01,0.03) 0.378

HBS17 0.01 (-0.02,0.04) 0.593 0.02 (-0.02,0.05) 0.299 0.01 (-0.03,0.04) 0.659 0.02 (-0.01,0.05) 0.184

Change

%change baseline to MSFU -0.09 (-0.18,0.00) 0.057 0.14 (-0.03,0.31) 0.113 -0.08 (-0.18,0.02) 0.103 0.13 (-0.05,0.30) 0.151

%change baseline to EPOSA -0.65 (-1.94,0.64) 0.322 0.31 (-1.02,1.63) 0.649 -0.58 (-1.87,0.71) 0.376 0.23 (-1.13,1.58) 0.744

%change baseline to HBS17 0.09 (-1.78,1.95) 0.928 -0.24 (-2.43,1.95) 0.827 0.14 (-1.75,2.02) 0.886 -0.15 (-2.50,2.21) 0.902

%change EPOSA to HBS17 0.15 (-0.59,0.90) 0.688 -1.05 (-2.22,0.13) 0.08 0.15 (-0.65,0.94) 0.717 -0.99 (-2.25,0.26) 0.12

Total femoral neck BMD

Baseline 0.00 (-0.01,0.02) 0.796 0.02 (0.00,0.04) 0.015 0.00 (-0.01,0.02) 0.733 0.02 (0.01,0.03) 0.005

MSFU 0.01 (-0.00,0.03) 0.149 0.02 (0.00,0.03) 0.026 0.00 (-0.01,0.02) 0.763 0.02 (0.00,0.03) 0.026

EPOSA 0.00 (-0.02,0.02) 0.784 0.02 (0.00,0.04) 0.043 0.00 (-0.02,0.02) 0.711 0.02 (0.00,0.04) 0.044

HBS17 0.01 (-0.02,0.04) 0.448 0.03 (0.00,0.06) 0.049 0.01 (-0.02,0.04) 0.488 0.04 (0.01,0.07) 0.011

Change

%change baseline to MSFU -0.01 (-0.14,0.12) 0.871 0.05 (-0.16,0.26) 0.629 -0.01 (-0.15,0.12) 0.843 0.04 (-0.17,0.26) 0.685

%change baseline to EPOSA 0.06 (-1.50,1.62) 0.939 -0.14 (-1.76,1.48) 0.863 0.34 (-1.21,1.90) 0.663 0.01 (-1.61,1.62) 0.992

%change baseline to HBS17 1.32 (-0.91,3.54) 0.242 -0.24 (-2.61,2.12) 0.838 1.40 (-0.79,3.59) 0.207 0.19 (-2.27,2.65) 0.877

%change EPOSA to HBS17 0.01 (-0.92,0.94) 0.979 -0.13 (-1.35,1.09) 0.835 -0.04 (-1.01,0.94) 0.941 0.17 (-1.07,1.41) 0.786



Appendix 19:Epigenetic age acceleration associations with total femoral neck BMD at baseline (BL), EPOSA and HBS17 and percentage change between 

baseline and HBS17 and EPOSA and HBS17 in sex-stratified analyses fully- adjusted for age, height and BMI, social class, physical activity, 

dietary calcium, ever smoking regularly and alcohol consumption. Change analyses were additionally adjusted for follow-up time. Fully-

adjusted models with the additional adjusted of bisphosphonate usage are shown on the right. 

 

  

Total Femoral Neck BMD Fully-adjusted Fully adjusted with bisphosphonates

Male Female Male Female

beta p beta p beta p beta p

BL GrimAge Acceleration 0.00 (-0.03,0.03) 0.945 -0.01 (-0.04,0.02) 0.613 0.00 (-0.03,0.03) 0.95 -0.01 (-0.04,0.02) 0.662

PhenoAge Acceleration 0.00 (-0.02,0.03) 0.639 0.02 (-0.01,0.04) 0.128 0.00 (-0.02,0.03) 0.657 0.01 (-0.01,0.04) 0.252

Horvath Age Acceleration (residual) -0.00 (-0.03,0.02) 0.736 0.02 (0.00,0.05) 0.033 -0.00 (-0.03,0.02) 0.705 0.03 (0.00,0.05) 0.03

HBS17 GrimAge Acceleration -0.03 (-0.07,0.01) 0.19 -0.01 (-0.05,0.03) 0.555 -0.03 (-0.07,0.01) 0.144 -0.01 (-0.05,0.03) 0.704

PhenoAge Acceleration 0.01 (-0.02,0.04) 0.628 0.02 (-0.01,0.05) 0.108 0.01 (-0.02,0.04) 0.675 0.02 (-0.01,0.06) 0.124

Horvath Age Acceleration (residual) 0.01 (-0.02,0.04) 0.481 0.03 (0.00,0.06) 0.047 0.01 (-0.02,0.04) 0.521 0.04 (0.01,0.07) 0.014

%change BL to HBS17 GrimAge Acceleration -1.26 (-4.09,1.57) 0.38 -0.22 (-3.35,2.91) 0.89 -1.10 (-3.97,1.76) 0.447 0.37 (-2.54,3.27) 0.801

PhenoAge Acceleration 0.11 (-1.99,2.20) 0.918 0.39 (-2.14,2.93) 0.757 0.22 (-1.90,2.34) 0.837 0.86 (-1.50,3.23) 0.469

Horvath Age Acceleration (residual) 1.40 (-0.79,3.59) 0.207 0.19 (-2.27,2.65) 0.877 1.48 (-0.71,3.67) 0.182 0.24 (-2.08,2.56) 0.84

EPOSA GrimAge Acceleration 0.00 (-0.03,0.04) 0.807 0.00 (-0.03,0.04) 0.958 0.00 (-0.04,0.04) 0.996 -0.00 (-0.04,0.04) 0.989

PhenoAge Acceleration 0.01 (-0.02,0.03) 0.675 0.02 (-0.01,0.04) 0.236 0.00 (-0.02,0.03) 0.784 0.01 (-0.01,0.04) 0.299

Horvath Age Acceleration (residual) 0.01 (-0.03,0.04) 0.717 0.03 (0.00,0.06) 0.02 0.00 (-0.03,0.03) 0.808 0.04 (0.01,0.07) 0.005

%change EPOSA to HBS17 GrimAge Acceleration -0.87 (-2.10,0.36) 0.164 -1.11 (-2.70,0.48) 0.17 -0.83 (-2.03,0.38) 0.177 -0.99 (-2.48,0.51) 0.191

PhenoAge Acceleration -0.25 (-1.17,0.66) 0.583 0.20 (-1.08,1.48) 0.753 -0.13 (-1.03,0.77) 0.769 0.28 (-0.92,1.49) 0.64

Horvath Age Acceleration (residual) -0.04 (-1.01,0.94) 0.941 0.17 (-1.07,1.41) 0.786 0.14 (-0.80,1.08) 0.761 0.01 (-1.17,1.19) 0.984
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Appendix 20: Epigenetic age acceleration associations with total femoral BMD at baseline (BL), EPOSA and HBS17 and percentage change between baseline 

and HBS17 and EPOSA and HBS17 in sex-stratified analyses fully- adjusted for age, height and BMI, social class, physical activity, dietary 

calcium, ever smoking regularly and alcohol consumption. Change analyses were additionally adjusted for follow-up time. Fully-adjusted 

models with the additional adjusted of bisphosphonate usage are shown on the right. BL = baseline 

 

Total Femoral BMD Fully-adjusted Fully adjusted with bisphosphonates

Male Female Male Female

beta p beta p beta p beta p

BL GrimAge Acceleration 0.01 (-0.02,0.04) 0.486 0.00 (-0.03,0.04) 0.809 0.01 (-0.02,0.04) 0.504 0.01 (-0.03,0.04) 0.779

PhenoAge Acceleration -0.01 (-0.03,0.02) 0.659 0.01 (-0.02,0.04) 0.394 -0.01 (-0.03,0.02) 0.626 0.01 (-0.02,0.04) 0.591

Horvath Age Acceleration (residual) 0.00 (-0.02,0.03) 0.716 0.02 (-0.01,0.04) 0.233 0.00 (-0.02,0.03) 0.818 0.02 (-0.01,0.05) 0.246

HBS17 GrimAge Acceleration -0.03 (-0.07,0.02) 0.195 -0.01 (-0.05,0.03) 0.671 -0.03 (-0.08,0.01) 0.108 -0.01 (-0.05,0.04) 0.781

PhenoAge Acceleration -0.01 (-0.04,0.03) 0.74 0.01 (-0.02,0.04) 0.516 -0.01 (-0.04,0.02) 0.667 0.01 (-0.02,0.04) 0.579

Horvath Age Acceleration (residual) 0.01 (-0.03,0.04) 0.628 0.01 (-0.02,0.05) 0.391 0.01 (-0.02,0.04) 0.641 0.02 (-0.01,0.05) 0.201

%change BL to HBS17 GrimAge Acceleration -2.68 (-5.03,-0.33) 0.026 -0.93 (-3.92,2.06) 0.538 -2.80 (-5.18,-0.42) 0.022 -0.46 (-3.35,2.43) 0.752

PhenoAge Acceleration -0.22 (-2.00,1.57) 0.811 -0.86 (-3.28,1.56) 0.482 -0.17 (-1.98,1.63) 0.849 -0.88 (-3.23,1.48) 0.46

Horvath Age Acceleration (residual) 0.14 (-1.75,2.02) 0.886 -0.15 (-2.50,2.21) 0.902 0.25 (-1.64,2.14) 0.792 -0.27 (-2.58,2.03) 0.814

EPOSA GrimAge Acceleration -0.00 (-0.04,0.04) 0.957 0.01 (-0.02,0.05) 0.505 -0.01 (-0.05,0.03) 0.607 0.01 (-0.03,0.05) 0.577

PhenoAge Acceleration -0.00 (-0.03,0.03) 0.858 0.02 (-0.01,0.04) 0.257 -0.00 (-0.03,0.02) 0.736 0.01 (-0.01,0.04) 0.32

Horvath Age Acceleration (residual) 0.00 (-0.03,0.04) 0.849 0.02 (-0.00,0.05) 0.106 0.00 (-0.03,0.03) 0.864 0.03 (0.01,0.06) 0.02

%change EPOSA to HBS17 GrimAge Acceleration -0.95 (-1.94,0.05) 0.061 -1.67 (-3.29,-0.06) 0.043 -0.91 (-1.90,0.08) 0.07 -1.57 (-3.11,-0.03) 0.045

PhenoAge Acceleration -0.35 (-1.10,0.39) 0.346 -0.98 (-2.28,0.32) 0.136 -0.27 (-1.01,0.47) 0.471 -0.83 (-2.09,0.42) 0.19

Horvath Age Acceleration (residual) 0.15 (-0.65,0.94) 0.717 -0.99 (-2.25,0.26) 0.12 0.23 (-0.55,1.00) 0.56 -1.20 (-2.41,0.01) 0.051



Appendix 21: Age acceleration associations with bone microarchitecture outcomes (trabecular 

density, volumetric BMD and cortical thickness) 

 

  

Tibial 
Males Females

beta p beta p

Tibial trabecular density

GrimAge Acceleration 3.54 (-2.70,9.78) 0.264 -1.74 (-10.09,6.60) 0.681

PhenoAge Acceleration -0.29 (-5.50,4.92) 0.913 0.59 (-5.63,6.80) 0.852

Horvath Age Acceleration (residual) 0.23 (-4.98,5.44) 0.93 1.00 (-5.41,7.42) 0.757

Tibial total vBMD

GrimAge Acceleration 5.08 (-3.76,13.91) 0.258 0.94 (-9.57,11.44) 0.86

PhenoAge Acceleration -2.10 (-9.47,5.27) 0.574 3.43 (-4.37,11.23) 0.386

Horvath Age Acceleration (residual) -0.02 (-7.40,7.35) 0.995 6.03 (-1.98,14.04) 0.139

Tibial cortical thickness

GrimAge Acceleration 16.07 (-26.59,58.72) 0.458 17.88 (-20.05,55.82) 0.353

PhenoAge Acceleration -24.58 (-59.91,10.75) 0.171 12.05 (-16.19,40.30) 0.401

Horvath Age Acceleration (residual) -15.39 (-50.84,20.07) 0.393 35.56 (6.91,64.21) 0.015

Radial
Males Females

beta p beta p

Radial Trabecular density

GrimAge Acceleration 3.21 (-3.76,10.18) 0.364 2.13 (-6.51,10.76) 0.627

PhenoAge Acceleration 0.63 (-5.22,6.48) 0.832 4.11 (-2.38,10.59) 0.213

Horvath Age Acceleration (residual) -1.74 (-7.61,4.13) 0.559 2.92 (-3.83,9.66) 0.395

Radial total vBMD

GrimAge Acceleration 1.49 (-9.40,12.39) 0.787 6.43 (-5.81,18.67) 0.301

PhenoAge Acceleration -1.00 (-10.13,8.13) 0.829 5.14 (-4.09,14.37) 0.273

Horvath Age Acceleration (residual) -1.33 (-10.50,7.83) 0.774 5.06 (-4.53,14.64) 0.299

Radial cortical thickness

GrimAge Acceleration -7.15 (-41.20,26.90) 0.679 29.35 (-4.25,62.94) 0.086

PhenoAge Acceleration -6.30 (-34.83,22.23) 0.663 4.14 (-21.45,29.72) 0.75

Horvath Age Acceleration (residual) -6.11 (-34.76,22.54) 0.674 5.65 (-20.89,32.19) 0.675
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Appendix 22: Age acceleration associations with pQCT cortical thickness at the 14%, 38% and 66% slices 

 

  

Tibial Fully adjusted Fully-adjusted with bisphosphonate usage

Males Females Males Females

beta p beta p beta p beta p

Tibial cortical thickness 14%

GrimAge Acceleration -0.01 (-0.08,0.07) 0.855 0.01 (-0.07,0.09) 0.821 0.00 (-0.08,0.09) 0.93 0.04 (-0.05,0.12) 0.415

PhenoAge Acceleration -0.05 (-0.11,0.01) 0.123 0.02 (-0.04,0.08) 0.499 -0.03 (-0.09,0.04) 0.423 -0.00 (-0.07,0.06) 0.948

Horvath Age Acceleration -0.04 (-0.10,0.02) 0.226 0.09 (0.03,0.15) 0.004 -0.05 (-0.12,0.02) 0.136 0.10 (0.03,0.16) 0.004

Tibial cortical thickness 38%

GrimAge Acceleration 0.00 (-0.11,0.11) 0.981 -0.04 (-0.17,0.10) 0.576 0.01 (-0.12,0.13) 0.933 -0.01 (-0.15,0.12) 0.868

PhenoAge Acceleration -0.04 (-0.14,0.05) 0.338 0.05 (-0.05,0.15) 0.303 -0.04 (-0.13,0.06) 0.41 0.00 (-0.10,0.11) 0.942

Horvath Age Acceleration -0.05 (-0.14,0.05) 0.323 0.11 (0.01,0.21) 0.033 -0.04 (-0.14,0.06) 0.483 0.12 (0.01,0.22) 0.032

Tibial cortical thickness 66%

GrimAge Acceleration 0.00 (-0.11,0.11) 0.987 0.09 (-0.05,0.22) 0.214 -0.01 (-0.11,0.10) 0.928 0.13 (-0.01,0.27) 0.065

PhenoAge Acceleration -0.03 (-0.12,0.05) 0.441 0.08 (-0.02,0.18) 0.13 -0.03 (-0.11,0.06) 0.54 0.06 (-0.04,0.17) 0.249

HorvathAge Acceleration -0.01 (-0.10,0.08) 0.748 0.09 (-0.02,0.19) 0.099 -0.03 (-0.12,0.06) 0.509 0.07 (-0.04,0.18) 0.206



Appendix 23: Age acceleration associations with change in bone microarchitecture 

 

Unadjusted Adjusted

Males Females Males Females

beta p beta p beta p beta p

Tibia trabecular density

GrimAge Acceleration 0.31 (-0.27,0.89) 0.288 0.03 (-1.01,1.06) 0.962 0.14 (-0.57,0.84) 0.702 0.11 (-1.22,1.44) 0.87

PhenoAge Acceleration 0.41 (-0.12,0.94) 0.126 -0.12 (-1.05,0.81) 0.796 0.33 (-0.29,0.95) 0.294 -0.51 (-1.49,0.46) 0.297

Horvath Age Acceleration (residual) -0.07 (-0.63,0.50) 0.815 0.62 (-0.33,1.58) 0.199 -0.05 (-0.64,0.53) 0.853 0.15 (-0.88,1.19) 0.772

Tibial vBMD

GrimAge Acceleration 0.39 (-0.43,1.21) 0.347 -0.70 (-1.85,0.44) 0.227 0.29 (-0.73,1.32) 0.571 -0.42 (-1.94,1.10) 0.586

PhenoAge Acceleration 0.53 (-0.23,1.29) 0.169 -0.46 (-1.49,0.56) 0.375 0.40 (-0.50,1.30) 0.379 -0.55 (-1.67,0.56) 0.327

Horvath Age Acceleration (residual) 0.14 (-0.66,0.95) 0.722 0.14 (-0.93,1.22) 0.792 0.20 (-0.64,1.04) 0.645 0.02 (-1.16,1.21) 0.969

Tibial cortical thickness

GrimAge Acceleration 0.84 (-0.42,2.09) 0.188 -1.44 (-3.19,0.31) 0.105 0.21 (-1.36,1.79) 0.789 -0.31 (-2.57,1.94) 0.783

PhenoAge Acceleration 0.60 (-0.57,1.76) 0.311 -0.31 (-1.88,1.27) 0.7 0.22 (-1.15,1.58) 0.754 -0.05 (-1.72,1.61) 0.948

Horvath Age Acceleration (residual) -0.13 (-1.37,1.10) 0.83 0.37 (-1.27,2.01) 0.655 -0.15 (-1.41,1.11) 0.813 0.75 (-1.00,2.50) 0.397

Radius trabecular density

GrimAge Acceleration -0.42 (-1.30,0.45) 0.338 -0.39 (-1.78,1.00) 0.576 -1.09 (-2.15,-0.02) 0.045 -0.87 (-2.68,0.95) 0.343

PhenoAge Acceleration 0.34 (-0.33,1.00) 0.32 -0.50 (-1.77,0.77) 0.437 0.08 (-0.77,0.94) 0.846 -0.74 (-2.18,0.69) 0.304

Horvath Age Acceleration (residual) -1.05 (-1.84,-0.25) 0.01 -1.22 (-2.56,0.13) 0.076 -1.17 (-1.99,-0.36) 0.005 -1.43 (-2.94,0.09) 0.065

Radial vBMD

GrimAge Acceleration -0.33 (-1.38,0.72) 0.532 -0.55 (-1.80,0.69) 0.379 -0.86 (-2.12,0.40) 0.178 -0.54 (-2.19,1.11) 0.515

PhenoAge Acceleration 0.21 (-0.59,1.02) 0.596 -0.24 (-1.39,0.90) 0.676 -0.02 (-1.03,0.98) 0.967 -0.22 (-1.53,1.09) 0.735

Horvath Age Acceleration (residual) -0.94 (-1.91,0.02) 0.055 -0.71 (-1.94,0.51) 0.25 -0.90 (-1.88,0.08) 0.071 -0.94 (-2.34,0.45) 0.181

Radial cortical thickness

GrimAge Acceleration -0.17 (-1.74,1.40) 0.832 -1.30 (-3.12,0.51) 0.156 -0.04 (-1.85,1.78) 0.969 -1.11 (-3.35,1.14) 0.326

PhenoAge Acceleration -0.19 (-1.38,1.01) 0.758 -0.04 (-1.76,1.68) 0.96 -0.48 (-1.90,0.94) 0.504 0.41 (-1.45,2.26) 0.661

Horvath Age Acceleration (residual) -0.97 (-2.42,0.48) 0.187 0.00 (-1.83,1.84) 0.999 -0.88 (-2.29,0.52) 0.215 -0.10 (-2.04,1.84) 0.917
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Appendix 24: Associations between epigenetic age acceleration variable and appendicular lean mass (ALM) at the EPOSA (2011-12) and HBS17 (2017) 

timepoints.  

Adjusted models are adjusted for age, height, occupational social class, physical activity, diet, smoking, alcohol consumption 

 

 

 

 

EPOSA

ALM Unadjusted Adjusted

Male Female Male Female

beta p beta p beta p beta p

Horvath Age Acceleration -62.20 (-187.20,62.80) 0.327 -1.17 (-99.28,96.95) 0.981 -16.28 (-124.21,91.65) 0.766 -25.12 (-117.31,67.07) 0.591

GrimAge Acceleration -25.18 (-153.88,103.52) 0.7 105.00 (-9.09,219.09) 0.071 -10.03 (-138.73,118.67) 0.878 118.84 (1.23,236.45) 0.048

PhenoAge Acceleration 4.50 (-114.23,123.23) 0.94 9.89 (-87.74,107.52) 0.842 4.42 (-98.31,107.14) 0.932 -0.85 (-91.87,90.18) 0.985

HBS17

ALM Unadjusted Adjusted

Male Female Male Female

beta p beta p beta p beta p

Horvath Age Acceleration -84.52 (-305.63,136.58) 0.449 -104.67 (-259.33,49.98) 0.182 16.40 (-183.94,216.73) 0.871 -74.39 (-228.28,79.50) 0.339

GrimAge Acceleration -16.63 (-256.86,223.59) 0.891 14.93 (-152.37,182.23) 0.859 -25.55 (-276.08,224.97) 0.84 -15.09 (-207.07,176.89) 0.876

PhenoAge Acceleration -3.34 (-194.28,187.61) 0.972 -30.17 (-185.11,124.77) 0.699 -12.07 (-185.24,161.10) 0.89 38.21 (-116.90,193.32) 0.625



Appendix 25: Associations between epigenetic age acceleration variable and total fat mass at the EPOSA (2011-12) and HBS17 (2017) timepoints.  

Adjusted models are adjusted for age, height, occupational social class, physical activity, diet, smoking, alcohol consumption 

 

 

  

EPOSA

Fat mass Unadjusted Adjusted

Male Female Male Female

beta p beta p beta p beta p

Horvath Age Acceleration -158.36 (-1492.69,1175.97) 0.815 -55.29 (-1553.82,1443.24) 0.942 296.63 (-1003.27,1596.54) 0.653 -174.46 (-1645.11,1296.19) 0.815

GrimAge Acceleration 903.20 (-417.71,2224.12) 0.179 1503.84 (-217.51,3225.18) 0.086 220.93 (-1332.00,1773.86) 0.779 2226.51 (377.93,4075.09) 0.019

PhenoAge Acceleration 1980.99 (739.93,3222.04) 0.002 1106.30 (-375.83,2588.42) 0.142 1513.14 (275.04,2751.24) 0.017 1378.30 (-80.59,2837.19) 0.064

HBS17

Fat mass Unadjusted Adjusted

Male Female Male Female

beta p beta p beta p beta p

Horvath Age Acceleration -378.77 (-2405.49,1647.94) 0.711 -1369.97 (-3526.71,786.78) 0.21 -10.57 (-2052.64,2031.49) 0.992 -1179.07 (-3458.05,1099.91) 0.305

GrimAge Acceleration 695.74 (-1439.76,2831.23) 0.518 689.95 (-1612.77,2992.67) 0.552 1449.46 (-1297.43,4196.35) 0.296 1859.00 (-857.51,4575.51) 0.177

PhenoAge Acceleration 1389.52 (-509.02,3288.07) 0.149 65.48 (-2094.29,2225.26) 0.952 1131.02 (-824.50,3086.54) 0.252 724.96 (-1572.71,3022.64) 0.531
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Appendix 26: Table demonstrating the associations between PhenoAge acceleration and musculoskeletal outcomes with the outlier for PhenoAge included 

(on the left) and excluded (on the right). The outlier was a male so only sex-specific, male analyses are shown for unadjusted and fully adjusted 

analyses. Statistically significant results are highlighted in red. 

 

Outlier included Outlier excluded

Unadjusted Fully-adjusted Unadjusted Fully-adjusted

beta p beta p beta p beta p

Baseline Maximum grip (kg) -0.64 (-1.56,0.27) 0.165 -0.57 (-1.39,0.26) 0.179 -0.60 (-1.58,0.38) 0.229 -0.52 (-1.41,0.37) 0.247

Total femoral est. bmd (g/cm2) 0.01 (-0.00,0.03) 0.157 0.00 (-0.02,0.02) 0.921 0.01 (-0.01,0.03) 0.263 0.00 (-0.02,0.02) 0.915

Total femoral neck est. bmd (g/cm2)          0.02 (-0.00,0.03) 0.064 0.00 (-0.01,0.02) 0.58 0.01 (-0.00,0.03) 0.133 0.00 (-0.01,0.02) 0.57

EPOSA Maximum grip (kg) -1.10 (-2.06,-0.15) 0.024 -0.88 (-1.80,0.04) 0.062 -0.88 (-2.02,0.25) 0.127 -0.70 (-1.77,0.36) 0.195

Gait speed (m/s) -0.02 (-0.04,0.01) 0.199 -0.01 (-0.03,0.02) 0.573 -0.02 (-0.04,0.01) 0.248 -0.01 (-0.03,0.02) 0.703

Total femoral est. bmd (g/cm2) 0.01 (-0.01,0.03) 0.397 -0.00 (-0.03,0.02) 0.757 0.01 (-0.01,0.03) 0.388 -0.00 (-0.03,0.02) 0.972

Total femoral neck est. bmd (g/cm2)          0.02 (-0.00,0.04) 0.127 0.00 (-0.02,0.03) 0.691 0.02 (-0.01,0.04) 0.135 0.01 (-0.02,0.03) 0.473

Tibia total volumetric bone density (mg/cm3) -0.57 (-7.75,6.61) 0.876 -2.10 (-9.47,5.27) 0.574 -0.96 (-8.78,6.87) 0.81 -0.73 (-8.67,7.21) 0.856

Tibia apparent cortical thickness(microm) -0.94 (-37.17,35.28) 0.959 -24.58 (-59.91,10.75) 0.171 4.97 (-34.46,44.41) 0.804 -5.66 (-44.51,33.18) 0.774

Tibia trabecular density (mg/cm3) -0.53 (-5.47,4.41) 0.832 -0.29 (-5.50,4.92) 0.913 -1.64 (-7.00,3.72) 0.547 -1.01 (-6.63,4.62) 0.724

Whole body dxa total fat mass (g) 1994 (732,3256) 0.002 1513 (275,2751) 0.017 1895 (497,3294) 0.008 68 (-953,1089) 0.895

Whole body dxa arms lean mass (g) 9 (-114,132) 0.886 -68 (-165,28) 0.166 12 (-122,147) 0.852 -75 (-181,31) 0.164

HBS17 Maximum grip strength (kg) -0.87 (-2.19,0.44) 0.191 -0.56 (-1.83,0.71) 0.383 -0.80 (-2.30,0.69) 0.288 -0.55 (-1.95,0.86) 0.442

Gait speed (m/s) -0.04 (-0.07,-0.01) 0.008 -0.04 (-0.07,-0.00) 0.035 -0.04 (-0.08,-0.01) 0.009 -0.04 (-0.08,-0.00) 0.027

Total femoral est. bmd (g/cm2) 0.02 (-0.18,0.21) 0.867 -0.07 (-0.30,0.16) 0.532 0.01 (-0.02,0.05) 0.481 -0.00 (-0.04,0.04) 0.917

Total femoral neck est. bmd (g/cm2)          0.07 (-0.12,0.26) 0.485 -0.07 (-0.29,0.15) 0.544 0.02 (-0.01,0.06) 0.144 0.01 (-0.03,0.05) 0.549

Tibia total volumetric bone density (mg/cm3) 3.13 (-8.18,14.44) 0.584 -0.19 (-12.39,12.02) 0.976 3.13 (-8.18,14.44) 0.584 -0.19 (-12.39,12.02) 0.976

Tibia apparent cortical thickness (mm) 0.02 (-0.04,0.07) 0.584 -0.02 (-0.07,0.04) 0.597 0.02 (-0.04,0.07) 0.584 -0.02 (-0.07,0.04) 0.597

Tibia trabecular density (mg/cm3) 3.03 (-4.70,10.76) 0.438 2.02 (-6.38,10.42) 0.634 3.03 (-4.70,10.76) 0.438 2.02 (-6.38,10.42) 0.634

Whole body DXA total fat mass (g) 1787 (-161,3736) 0.072 430 (-1120,1979) 0.581 1784 (-698,4266) 0.156 -49 (-2039,1940) 0.961

Whole body DXA arms lean mass (g) -4.39 (-201,193) 0.965 -131 (-269,6) 0.061 -9 (-241,222) 0.936 -162 (-323,-1) 0.049



Grip strength and gait speed covariates included age, height, BMI, social class, physical activity, prudent diet, ever smoked regularly and alcohol 

consumption 

Femoral neck BMD covariates included age, height, BMI, social class, physical activity, dietary calcium, smoking, alcohol 

Total fat mass covariates included age, height, occupational social class, physical activity, prudent diet, smoking, alcohol consumption 
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Appendix 27: Genome browser output demonstrating the location of the cg00960509 and the geographic location in a CpG island associated the 5’ end of 

the gene ECE1 on chromosome 1 

 

  



Appendix 28: Genome browser output demonstrating the location of the cg02389067 lying in a CpG island at in the promoter region at the 5’ end of GNA13 

on chromosome 17 
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Appendix 29: Genes associated with the 100 CpG sites with the lowest p-values associated with the 

maximum grip strength in model 2 EWAS  

(adjusted for age, sex, cell composition and array). Those in red highlight are those with 

a p-value<1x10-5  
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Appendix 30:  Genes associated with the 100 CpG sites with the lowest p-values associated with the 

maximum grip strength in model 4 EWAS. 

(adjusted for age, sex, height, weight for height residual, occupational social class 

(manual vs non-manual labour), physical activity (Dallosso score1), diet (prudent diet 

score), smoking status (ever having smoked regularly) and alcohol consumption (an 

ordinal variable of units/week cell composition and array). Those in red highlight are 

those with a p-value<1x10-5 
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