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Abstract 

We investigated independent associations between telomere length and risk of fracture and arthroplasty 

in UK Biobank participants. Leucocyte telomere length (LTL) was measured in baseline samples using 

a validated PCR method. We used, in men and women separately, Cox proportional hazards models to 

calculate the hazard ratio for incident fracture (any, osteoporotic) or arthroplasty (hip or knee) over 

1,186,410 person-years of follow-up. Covariates included age, white cell count, ethnicity, smoking, 

alcohol, physical activity and menopause (women). In further analyses we adjusted for either estimated 

bone mineral density from heel quantitative ultrasound, handgrip strength, gait speed, total fat mass 

(bioimpedance) or blood biomarkers, all measured at baseline (2006-2010). We studied 59,500 women 

and 51,895 men, mean(SD) age 56.4(8.0) and 57.0(8.3) years respectively. During follow-up there were 

5,619 fractures; 5,285 hip and 4,261 knee arthroplasties. In confounder-adjusted models, longer LTL 

was associated with reduced risk of incident knee arthroplasty in both men [hazard ratio/SD (95%CI): 

0.93 (0.88,0.97)] and women [0.92 (0.88,0.96)] and hip arthroplasty in men [0.91 (0.87,0.95)] but not 

women [0.98 (0.94,1.01)]. Longer LTL was weakly associated with reduced risk of any incident fracture 

in women [hazard ratio/SD (95% CI): 0.96 (0.93,1.00)] with less evidence in men [0.98 (0.93,1.02)]. 

Associations with incident outcomes were not materially altered by adjustment for heel estimated bone 

mineral density, grip strength, gait speed, fat mass or blood biomarker measures. In this, the largest 

study to date, longer LTL was associated with lower risk of incident knee or hip arthroplasty, but only 

weakly associated with lower risk of fracture. The relative risks were low at a population level, but our 

findings suggest that common factors acting on the myeloid and musculoskeleletal systems might 

influence later life musculoskeletal outcomes. 
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Background 

Telomeres are DNA-protein structures found at the ends of chromosomes that protect the genome from 

damage, and are made up of a large number of tandem repeats of a simple DNA sequence (in humans 

TTAGGG). They have been proposed as potential markers of biological aging,(1,2) since they have been 

shown to shorten progressively over time in most somatic tissues.(3) Measured in peripheral blood 

leucocytes, shorter telomeres are correlated with male sex, older age and other known risk factors for 

non-communicable diseases.(4,5) They have also been shown to be generally associated with greater risk 

of cardiovascular disease,(6) type 2 diabetes(7) and nonvascular, non-cancer causes of mortality.(8)  

Common chronic non-communicable musculoskeletal disorders, such as osteoporosis, osteoarthritis 

and sarcopenia, become more common with age and are associated with considerable morbidity and 

mortality (particularly following hip fracture).(9,10)  Telomere length has been shown to be associated 

with bone mineral density and osteoporosis,(11,12) the aging of articular cartilage(13) and grip strength(14) 

in some studies, with others showing no association with bone mineral density or physical 

performance.(15,16) The need for larger studies investigating associations between telomere length and 

musculoskeletal health has been recognised, particularly for understanding the underlying 

mechanisms.(17)  With its unparalleled sample size, and intensive phenotyping of participants’ 

musculoskeletal and broader health measures, UK Biobank (UKB) permits robust investigation of such 

associations and the potential underlying mechanisms. The aim of this study was therefore to investigate 

associations between telomere length for age and risk of incident fracture (the consequence of 

osteoporosis) and arthroplasty (the consequence of osteoarthritis), adjusting for a comprehensive range 

of confounding factors and evaluating the role of measures related to bone, body composition and blood 

biochemical markers. 

 

Methods 

Setting and recruitment 

UKB is a population study incorporating over half a million participants recruited 2006-2010 from 

across the UK.(18) Individuals aged 40-69 years old were identified through National Health Service 

(NHS) registers and invited to participate. The baseline assessment, undertaken at regional centres 

(2006-2010), included detailed review of demographics, lifestyle, medical history, a series of physical 

measures, and blood sampling. The protocol is publicly available.(18) Individuals who were unable to 

consent or complete baseline assessment due to illness or discomfort were not recruited. Linkages with 

Hospital Episode Statistics (HES) and death registers enable longitudinal tracking of health outcomes 

for all participants.  

 



 
 

Ethics 

This study is covered by the ethical approval for UK Biobank studies from the NHS National Research 

Ethics Service on 17th June 2011 (Ref 11/NW/0382) and extended 10th May 2016 (Ref 16/NW/0274). 

Exposure: Leucocyte telomere length (LTL) 

Leucocyte telomere length (LTL) was measured in the whole cohort at baseline using a validated PCR 

method that expresses LTL as as the ratio of telomere repeat copy number (T) relative to that of a single 

copy gene (S, Hgb) (T/S ratio).(19) LTL measurements were adjusted for technical variation, loge 

transformed and Z-standardised. Paired LTL measurements at two time-points (mean interval: 5.5 

years) in 1,351 participants yielded a regression-dilution ratio of ∼0.68.(19)   

Other baseline measures 

Age, sex, ethnicity, education, smoking, alcohol intake and menopause status were recorded at baseline 

via self-report (touchscreen questionnaire) and interview. Physical activity was recorded at baseline as 

numbers of days per week the participant engages in vigorous physical activity for at least 10 minutes. 

Material deprivation was recorded as the Townsend index. Directly measured gait speed was not 

available in this cohort so we used questionnaire-assessed usual gait speed, after establishing that it was 

predictive of fracture outcomes consistent with the direct measure obtained in a previous study.(20) Body 

mass index was calculated from height and weight recorded at baseline. Total body fat mass was 

measured using bioimpedance (Tanita Europe, Amsterdam, NL), the measure that has been shown to 

correlate well with DXA total fat mass.(21,22) An estimate of bone mineral density at the heel was 

obtained using heel quantitative ultrasound scanning, using the Sahara Clinical Bone Sonometer 

(Hologic, Inc., Marlborough, MA, USA) according to a predefined standard operating procedure.(23) 

This technique has been shown to generate a measure predictive of incident fracture of comparable, if 

somewhat lower, effect size to that from dual-energy x-ray absorptiometry.(24) Grip strength was 

measured in both left and right hands using a Jamar J00105 hydraulic hand dynamometer (Lafayette 

Instrument USA) with the maximum value used for analysis.  

We considered the following serum biochemistry measures (from bloods collected at the baseline visit) 

as potential biological mediators: C-Reactive Protein (CRP), Creatinine, Vitamin D, Calcium, Insulin-

like Growth Factor-1 (IGF1), Sex Hormone Binding Globulin (SHBG), Testosterone, 

Testosterone/SHBG, Oestradiol, Phosphate, Cystatin C. Details of the biochemical methods are 

available on the UK biobank website 

(https://www.ukbiobank.ac.uk/media/oiudpjqa/bcm023_ukb_biomarker_panel_website_v1-0-aug-

2015-edit-2018.pdf). 

Outcomes: Incident fractures and arthroplasty 



 
 

We ascertained incident fractures and arthroplasty (at the knee or hip) from linkage to Hospital Episode 

Statistics using predefined International Classification of Diseases, Tenth edition (ICD-10) categories 

(fractures) or UK Operating Procedure Codes (OPCS, for arthroplasty). The codes considered for either 

outcome type are listed in Supplementary Table 1. Fracture sites considered included the skull, vertebra, 

rib, pelvis, clavicle, scapula, humerus, radius/ulna, carpus, femur/hip, patella, tibia/fibula/ankle, foot, 

or unspecified fractures. We grouped fracture outcomes as all or osteoporotic (clinical vertebral, ribs, 

pelvis, humerus, clavicle, scapula, sternum, hip, other femoral fractures, tibia, fibula, distal 

forearm/wrist)(25). Arthroplasty was examined separately at the knee and hip. We obtained information 

on mortality from ONS death registry linkage. 

Statistical analysis 

We described baseline characteristics by reporting mean (standard deviation, SD) or median 

(interquartile range, IQR) as appropriate for continuous variables, and number (percentages) for 

categorical variables. Differences between groups were tested with unpaired t-tests, Mann-Whitney U 

tests or Pearson Chi-square tests, as appropriate. We undertook analyses separately in men and women, 

testing for interactions by sex.  

We used Cox proportional hazards models to investigate associations between LTL and risk of incident 

fracture or arthroplasty, presenting the relationship as a hazard ratio (HR) per SD increase in LTL. The 

primary analyses were based on the subset of participants who had complete data for the exposure, 

outcomes and covariates. The proportional hazards assumption was met for the exposure with all 

outcomes other than for the arthroplasty in men. Further diagnostic investigation stratifying associations 

by quarters of LTL, and by covariates status (for covariates where the assumption was also not met), 

suggested that these deviations would not alter the interpretation of the findings, and are presented in 

the supplementary material (Supplementary Tables 8 and 9). Time at risk was right censored at either 

the first incident event, death, or 30/11/20 (end of observation period; same for all data sources). On 

the basis of prior literature and biological plausibility, we included the following covariates in our fully 

adjusted models (i.e. considering them as true confounders; Model 1): chronological age, age squared, 

white cell count, ethnicity, smoking, alcohol, physical activity and menopause (women). Supplementary 

Figure 2 documents the relationship between LTL and chronological age. The inclusion of both 

chronological age and age squared was found to provide better age-adjustment than including the first-

order term alone. In further exploratory models we investigated whether addition of other measures 

associated with musculoskeletal health, and potentially on the causal pathway, altered the relationship 

between exposure and outcome, considering estimated bone mineral density from heel quantitative 

ultrasound, grip strength, gait speed, total fat mass or blood biomarkers. The final fully adjusted model 

(Model 2) includes all of these factors. The blood biomarkers were selected for inclusion in these models 

on the basis of associations with LTL (Supplementary Table 2). We investigated potential nonlinearity 

in the LTL-outcome associations by stratifying the relationships by quarters of LTL. In a sensitivity 



 
 

analysis, we repeated the analyses using the maximum numbers available for each test; in a further 

sensitivity analysis, we used the regression-dilution ratio to account for within-person variability of 

LTL values over time (abbreviated "usual LTL"), as described previously.(19) 

 

 

Results 

Characteristics of the participants 

The analysis dataset comprised 111,452 individuals, mean (SD) age 56.5 (8.1) years. 59,500 were 

women (53.4%), with mean (SD) age 56.4 (8.0) years; there were thus 51,895 men, mean (SD) age 57.0 

(8.3) years. 94.1% of men and 94.3% of women described themselves as being of white ethnicity; the 

median body mass index in men and women was 27.3 and 26.0 kg/m2 respectively. During 1,186,410 

person-years of follow-up, there were 5,619 fractures, 5,285 hip arthroplasties and 4,261 knee 

arthroplasties. Table 1 summarises the baseline characteristics of the cohort. Supplementary Figure 1 

documents the distribution of the exposure variable, both raw and standardised.  

Associations between LTL and incident fractures  

In the confounder-adjusted model (Model 1), there was weak evidence for an association between 

greater LTL and a lower risk of any incident fracture in women [0.96 (0.93,1.00)], but less so in men 

[HR/SD (95% CI), 0.98 (0.93,1.02)]. A similar pattern was observed with the outcome of incident 

osteoporotic fractures, again with the association in men [0.98 (0.92.1.03)] similar (but of lesser 

magnitude) to that in women [0.96 (0.92,1.00)]. Consistent with these findings, there was evidence of 

a sex interaction (any incident fracture, p = 0.03 and osteoporotic fracture, p = 0.10). These associations 

are summarised in Table 2, which also documents the further exploratory models incorporating 

adjustment for heel eBMD, grip strength, usual gait speed, total body fat mass, or blood biomarkers. 

Addition of these measures did not materially alter the association between LTL and either any incident 

fracture or incident osteoporotic fracture.   Supplementary Tables 3 and 6 document the similar findings 

in sensitivity analyses using the maximum number of individuals for each test with or without 

adjustment for regression dilution. Supplementary Table 8 demonstrates that although the hazard ratio 

point estimates showed some modest differences according to quarter of LTL, the 95% confidence 

intervals overlapped, such that there was no convincing evidence of nonlinear relationships. 

Associations between LTL and incident arthroplasty 

In confounder-adjusted models (Model 1), summarised in Table 3, longer LTL was associated with 

reduced risk of incident knee arthroplasty in both men [HR/SD (95%CI): 0.93 (0.88,0.97)] and women 

[0.92 (0.88,0.96)] and hip arthroplasty in men [0.91 (0.87,0.95)] but not women [0.98 (0.94,1.01)]. 

Further adjustment for heel eBMD, grip strength, total fat mass or blood biomarkers again did not 



 
 

materially change the associations. In sensitivity analyses, findings were similar when only primary 

arthroplasty was used as the outcome at either site (Supplementary Table 4), and for analyses with the 

maximum sample size adjusted or unadjusted for the regression dilution ratio (Supplementary Tables 

4, 5 and 7). Again there was little evidence of convincing nonlinearity (Supplementary Table 8). 

 

Discussion 

Our study is the largest exploration to date of telomere length associations with incident fracture and 

arthroplasty. We discovered modest associations between greater leukocyte telomere length for age and 

lower risk of incident fracture (predominantly in women) or arthroplasty independent of confounding 

factors.  

Although, to our knowledge, while associations between LTL for age and incident fractures or 

arthroplasty have not been documented previously, several groups have studied the relationship 

between LTL and bone mineral density or osteoarthritis. Thus, in the TwinsUK population-based cohort 

of 2150 women aged 18-80 years, longer LTL (controlled for age) was positively associated with BMD 

at the spine and forearm and inversely associated with risk of osteoporosis.(26) Two large Chinese studies 

have reported opposing findings using femoral neck BMD, the global standard for osteoporosis 

diagnosis and fracture risk assessment. In a study of 1017 elderly Chinese men and women, consistent 

with our findings, greater LTL was associated with greater femoral neck BMD in women under 60 years 

old but with a declining effect size with age and no association documented in men.(12) However, in a 

larger cohort of 1867 Chinese elderly individuals aged 65 years or older, there are no apparent 

associations between LTL and BMD at the total hip or femoral neck.(15) A similar lack of association 

was observed amongst 460 women (mean age 63.9 years) where BMD was measured at the lumbar 

spine, total hip and femoral neck.(11) Other (much smaller) studies also have provided mixed results.(17) 

We identified only one study that considered fractures, which reported that, amongst 2750 men and 

women aged 70-79 years with osteoporosis or prior fractures, there were no associations between LTL 

and BMD or fractures in men or women.(27) In our much larger analysis, adjustment for heel estimated 

BMD did not appear to influence already small effect sizes. It is notable that the associations with 

fracture outcomes were weak, suggesting that the power to detect such associations in smaller cohorts 

will be minimal. 

There is even less evidence linking LTL with osteoarthritis.  What evidence there is generally originates 

from very small studies. Shorter LTL in osteoarthritis patients (hip, n=15; knee, n=30) compared with 

healthy controls (n=11) was observed one small study. (28)  A similar difference, controlling for age, 

was documented in 160 patients with osteoarthritis at the hand versus 926 healthy controls in the 

TwinsUK cohort.(29) In contrast, Tamayo et al. did not find differences in LTL between individuals with 



 
 

osteoarthritis compared with healthy individuals, although the osteoarthritis patients had longer LTL in 

chondrocytes compared leukocytes, a difference that was not found amongst the healthy individuals.(30)   

Whilst the observed effect sizes are very small and thus unlikely to contribute to future clinical risk 

assessment algorithms, they do inform understanding of ageing. As described above, evidence to date 

has been relatively inconsistent with regard to associations between LTL and both osteoarthritis and 

osteoporosis.(17,31) Studies have suggested that the proliferative capacity and osteogenic potential of 

cultured mesenchymal stromal cells from patients with osteoporosis, consistent with our findings 

suggesting accelerated ageing.(32) Differences in cell transcriptomes between patients with osteoporosis 

and age matched health subjects potentially implicate epigenetic changes,(33,34) although the 

relationships between these and telomere length is unknown. In vivo mouse models have demonstrated 

that telomere dysfunction can induce attenuation of osteoblast differentiation in mice, with accelerated 

ageing.(35) Consistent with the observations on bone, chondrocytes from patients with osteoarthritis 

appeared to develop an accelerated senescence phenotype(36).  Studies of patients with knee 

osteoarthritis compared to healthy controls have suggested that plasma hepatocyte growth factor, 

vascular endothelial growth factor and granulocyte colony-stimulating factor are negatively associated 

with leukocyte telomere length,(37) and may implicate oxidative stress and chronic inflammation in 

underlying mechanisms; indeed further studies have suggested that higher levels of oxidative stress can 

accelerate telomere shortening.(5,38) Intriguingly, such mechanisms have been implemented in other 

aspects of ageing such as sarcopenia,(39) and chronic inflammation associated with ageing 

(inflammaging), is increasingly recognised as a common biological process underlying deterioration 

across multiple organ systems.(40,41) 

Our findings from models including adjustment for blood biomarkers including CRP are consistent with 

the notion that associations between telomere length and the outcomes of fracture and arthroplasty are 

independent of measures of inflammation (possibly counter to the studies cited above, but of course 

with important consideration of the entirely different investigational constructs, and acknowledgement 

that the CRP is only one of several potential biomarkers for systemic inflammation). A further 

consideration is the consistency, or not, of telomere length between leucocytes and individual tissues, 

and whether the measure in blood cells represents a direct mechanism or indirectly reflects other 

processes which then influence outcome.(17,31) In the few studies which have compared telomere length 

across tissues, the results are inconsistent(42-46). Finally, as we have demonstrated previously, variation 

in telomere length is substantially greater between individuals of the same age and sex compared with 

variation over time(14,47,48). Whilst a decrease in telomere length with age is well documented(14), the 

magnitude of this effect appears small compared with differences between individuals, which again 

raises questions as to how important change in telomere length is as a key process of ageing, as 

compared with, for example associations with peak achieved mass and function. Certainly, the very 

modest effect sizes for osteoporotic fracture and arthroplasty suggest little room for therapeutic 



 
 

intervention or indeed for incorporation into risk assessment models. However, given existing evidence 

linking greater telomere length to healthier diet, lower alcohol intake and greater physical activity,(49) 

all of which are associated with reduced fracture risk, our results provide further evidence to support 

the role of a healthy lifestyle in older age,(50,51) together with some modest indication of associations 

between telomere length and fracture/arthroplasty outcomes independent of such considerations. 

We studied the largest cohort to date with the gold standard measure of LTL and reliable outcome 

ascertainment from linkage in a prospective study. However, there are some limitations which should 

be considered in the interpretation of our findings. Firstly, as with many such cohorts, there is evidence 

of healthy selection bias in UK Biobank compared with the general UK population. This may reduce 

our ability to discern associations because of reduced range of exposures or outcomes. Secondly given 

the modest magnitude of the associations observed, and the small proportion of the cohort who are of 

Black, Asian or Minority Ethnic (BAME) ethnicities, it was not possible to undertake meaningful 

analyses stratified by ethnicity. Thirdly, it is very difficult to capture incident osteoarthritis, as opposed 

to incident arthroplasty, given the nature of the linked health data. However the case definition of 

osteoarthritis is variable and arthroplasty gives a much more reliable outcome, albeit defining those 

with the most severe disease, and of course may be influenced by access to treatment and healthcare 

professional practice. Furthermore, it was not possible to readily differentiate between emergency and 

elective arthroplasty, although it is likely that the vast majority were elective, given the codes used. 

Fourthly, it is possible that more minor fractures, for example of the wrist, are under-ascertained in the 

Hospital Episode Statistics data since these events do not usually require admission. It is possible that 

our findings therefore represent an underestimate of the effect size for fractures. Fifthly, whilst we were 

able to account for a range of confounders, the potential for residual confounding of course always 

remains, and we cannot ascribe a causal relationship on the basis of these observational findings. 

Sixthly, given the small effect sizes and small proportion of the UK Biobank population which has 

undergone dual-energy x-ray absorptiometry (DXA) scanning at the time of this analysis, we used heel 

estimated bone mineral density and fat mass from bioimpedance rather than the gold standard measures 

from DXA. Seventhly, we were not able to achieve full compliance with the proportional hazards 

assumption is for all variables considered. However on further diagnostic investigation, it seems very 

unlikely that these limitations will have led to spurious associations. Finally, as discussed above, we 

were unable to measure telomere length directly in organ-specific tissues and the relationship between 

LTL and that in, for example cartilage or bone, is unknown. 

In conclusion, we have, to our knowledge for the first time, demonstrated weak associations between 

greater telomere length for age and lower risk of incident fracture or arthroplasty, independent of a wide 

range of confounders or potential biological mediators and with some evidence of sex specificity in the 

relationships. Whilst these findings inform our understanding of the biology of musculoskeletal ageing, 



 
 

suggesting potential common underlying mechanisms, the extremely modest effect sizes suggest that 

addition of such measures into risk assessment strategies is unlikely to be a viable clinical approach. 

 

Acknowledgements 

This work was supported by grants from Medical Research Council (MRC) [MC_PC_21003; 

MC_PC_21001], Bupa Foundation, British Heart Foundation, National Institute for Health Research 

(NIHR) Southampton Biomedical Research Centre, University of Southampton, and University 

Hospital Southampton NHS Foundation Trust, NIHR Oxford Biomedical Research Centre, University 

of Oxford, Wellcome Trust (209233/Z/17/Z) and the UK Royal Osteoporosis Society Osteoporosis and 

Bone Research Academy. EMC has been supported by the Wellcome Trust (201268/Z/16/Z) and 

currently by NIHR. This work uses the UK Biobank resource (approved application 6077). PMM 

acknowledges generous personal and research support from the Edmond J Safra Foundation and Lily 

Safra, a National Institute for Health Research (NIHR) Senior Investigator Award, the UK Dementia 

Research Institute, the NIHR Biomedical Research Centre and the British Heart Foundation Centre of 

Excellence at Imperial College London. 

 

Author Roles 

All authors contributed to manuscript drafting, review and finalisation. EMC and NCH 

prepared the first draft of the manuscript. SD, VC and CM undertook statistical analysis. NS 

JD and SK obtained funding and telomere length measurement. PM, JT and CC provided expert 

review and CC oversaw the project with NCH. All authors critically reviewed and approved 

the final manuscript. 

 

Disclosures 

All authors have no disclosures in relation to this manuscript. 

 

Data Availability Statement 

All data are available via an access application to UK Biobank. 

https://www.ukbiobank.ac.uk/enable-your-research 

 



 
 

References 

 
1. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell. 

Jun 6 2013;153(6):1194-217. Epub 2013/06/12. 

2. Samani NJ, van der Harst P. Biological ageing and cardiovascular disease. Heart. 

2008;94(5):537-9. 

3. Blackburn EH, Epel ES, Lin J. Human telomere biology: A contributory and interactive factor 

in aging, disease risks, and protection. Science (New York, NY). Dec 4 

2015;350(6265):1193-8. Epub 2016/01/20. 

4. Weischer M, Bojesen SE, Nordestgaard BG. Telomere Shortening Unrelated to Smoking, 

Body Weight, Physical Activity, and Alcohol Intake: 4,576 General Population Individuals 

with Repeat Measurements 10 Years Apart. PLoS genetics. 2014;10(3):e1004191. 

5. Houben JM, Moonen HJ, van Schooten FJ, Hageman GJ. Telomere length assessment: 

biomarker of chronic oxidative stress? Free radical biology & medicine. Feb 1 

2008;44(3):235-46. Epub 2007/11/21. 

6. Haycock PC, Heydon EE, Kaptoge S, Butterworth AS, Thompson A, Willeit P. Leucocyte 

telomere length and risk of cardiovascular disease: systematic review and meta-analysis. BMJ 

(Clinical research ed). Jul 8 2014;349:g4227. Epub 2014/07/10. 

7. Zhao J, Miao K, Wang H, Ding H, Wang DW. Association between telomere length and type 

2 diabetes mellitus: a meta-analysis. PloS one. 2013;8(11):e79993. Epub 2013/11/28. 

8. Rode L, Nordestgaard BG, Bojesen SE. Peripheral blood leukocyte telomere length and 

mortality among 64,637 individuals from the general population. Journal of the National 

Cancer Institute. Jun 2015;107(6):djv074. Epub 2015/04/12. 

9. Global, regional, and national incidence, prevalence, and years lived with disability for 301 

acute and chronic diseases and injuries in 188 countries, 1990-2013: a systematic analysis for 

the Global Burden of Disease Study 2013. Lancet. Aug 22 2015;386(9995):743-800. Epub 

2015/06/13. 

10. Harvey N, Dennison E, Cooper C. Osteoporosis: impact on health and economics. 

NatRevRheumatol. nrrheum.2009.260 pii ;10.1038/nrrheum.2009.260 doi 2010;6(2):99-105. 



 
 

11. Nielsen BR, Linneberg A, Bendix L, Harboe M, Christensen K, Schwarz P. Association 

between leukocyte telomere length and bone mineral density in women 25-93 years of age. 

Exp Gerontol. Jun 2015;66:25-31. Epub 2015/04/15. 

12. Tao L, Huang Q, Yang R, Dai Y, Zeng Y, Li C, et al. The age modification to leukocyte 

telomere length effect on bone mineral density and osteoporosis among Chinese elderly 

women. J Bone Miner Metab. Nov 2019;37(6):1004-12. Epub 2019/04/27. 

13. Harbo M, Delaisse JM, Kjaersgaard-Andersen P, Soerensen FB, Koelvraa S, Bendix L. The 

relationship between ultra-short telomeres, aging of articular cartilage and the development of 

human hip osteoarthritis. Mechanisms of ageing and development. Sep 2013;134(9):367-72. 

Epub 2013/07/23. 

14. Baylis D, Ntani G, Edwards MH, Syddall HE, Bartlett DB, Dennison EM, et al. 

Inflammation, telomere length, and grip strength: a 10-year longitudinal study. Calcif Tissue 

Int. Jul 2014;95(1):54-63. Epub 2014/05/27. 

15. Tang NL, Woo J, Suen EW, Liao CD, Leung JC, Leung PC. The effect of telomere length, a 

marker of biological aging, on bone mineral density in elderly population. Osteoporos Int. Jan 

2010;21(1):89-97. Epub 2009/05/14. 

16. Gardner MP, Martin-Ruiz C, Cooper R, Hardy R, Sayer AA, Cooper C, et al. Telomere length 

and physical performance at older ages: an individual participant meta-analysis. PloS one. 

2013;8(7):e69526. Epub 2013/08/08. 

17. Fragkiadaki P, Nikitovic D, Kalliantasi K, Sarandi E, Thanasoula M, Stivaktakis PD, et al. 

Telomere length and telomerase activity in osteoporosis and osteoarthritis. Exp Ther Med. 

Mar 2020;19(3):1626-32. Epub 2020/02/28. 

18. Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, et al. UK biobank: an open 

access resource for identifying the causes of a wide range of complex diseases of middle and 

old age. PLoS medicine. Mar 2015;12(3):e1001779. Epub 2015/04/01. 

19. Codd V, Denniff M, Swinfield C, Warner SC, Papakonstantinou M, Sheth S, et al. 

Measurement and initial characterization of leukocyte telomere length in 474,074 participants 

in UK Biobank. Nature Aging. 2022/02/01 2022;2(2):170-9. 

20. Harvey NC, Oden A, Orwoll E, Lapidus J, Kwok T, Karlsson MK, et al. Measures of Physical 

Performance and Muscle Strength as Predictors of Fracture Risk Independent of FRAX, Falls, 



 
 

and aBMD: A Meta-Analysis of the Osteoporotic Fractures in Men (MrOS) Study. J Bone 

Miner Res. Dec 2018;33(12):2150-7. Epub 2018/07/17. 

21. Cruz Rivera PN, Goldstein RL, Polak M, Lazzari AA, Moy ML, Wan ES. Performance of 

bioelectrical impedance analysis compared to dual X-ray absorptiometry (DXA) in Veterans 

with COPD. Scientific reports. Feb 4 2022;12(1):1946. Epub 2022/02/06. 

22. Haapala I, Hirvonen A, Niskanen L, Uusitupa M, Kröger H, Alhava E, et al. Anthropometry, 

bioelectrical impedance and dual-energy X-ray absorptiometry in the assessment of body 

composition in elderly Finnish women. Clin Physiol Funct Imaging. Nov 2002;22(6):383-91. 

Epub 2002/12/05. 

23. Biobank U. UK Biobank Ultrasound Bone Densitometry. 2011. 

24. Stewart A, Torgerson DJ, Reid DM. Prediction of fractures in perimenopausal women: a 

comparison of dual energy x ray absorptiometry and broadband ultrasound attenuation. Ann 

Rheum Dis JID - 0372355. 1996;55(2):140-2. 

25. Kanis JA, Oden A, Johnell O, Jonsson B, de Laet C, Dawson A. The burden of osteoporotic 

fractures: a method for setting intervention thresholds. Osteoporos Int. 2001;12(5):417-27. 

Epub 2001/07/11. 

26. Valdes AM, Richards JB, Gardner JP, Swaminathan R, Kimura M, Xiaobin L, et al. Telomere 

length in leukocytes correlates with bone mineral density and is shorter in women with 

osteoporosis. Osteoporos Int. Sep 2007;18(9):1203-10. Epub 2007/03/10. 

27. Sanders JL, Cauley JA, Boudreau RM, Zmuda JM, Strotmeyer ES, Opresko PL, et al. 

Leukocyte Telomere Length Is Not Associated With BMD, Osteoporosis, or Fracture in Older 

Adults: Results From the Health, Aging and Body Composition Study. J Bone Miner Res. Sep 

2009;24(9):1531-6. Epub 2009/04/03. 

28. Price JS, Waters JG, Darrah C, Pennington C, Edwards DR, Donell ST, et al. The role of 

chondrocyte senescence in osteoarthritis. Aging Cell. Oct 2002;1(1):57-65. Epub 2003/07/29. 

29. Zhai G, Aviv A, Hunter DJ, Hart DJ, Gardner JP, Kimura M, et al. Reduction of leucocyte 

telomere length in radiographic hand osteoarthritis: a population-based study. Ann Rheum 

Dis. Nov 2006;65(11):1444-8. Epub 2006/10/14. 



 
 

30. Tamayo M, Mosquera A, Rego I, Blanco FJ, Gosálvez J, Fernández JL. Decreased length of 

telomeric DNA sequences and increased numerical chromosome aberrations in human 

osteoarthritic chondrocytes. Mutat Res. Mar 15 2011;708(1-2):50-8. Epub 2011/02/05. 

31. Herrmann M, Pusceddu I, März W, Herrmann W. Telomere biology and age-related diseases. 

Clin Chem Lab Med. Jul 26 2018;56(8):1210-22. Epub 2018/03/02. 

32. Rodríguez JP, Garat S, Gajardo H, Pino AM, Seitz G. Abnormal osteogenesis in osteoporotic 

patients is reflected by altered mesenchymal stem cells dynamics. J Cell Biochem. Dec 1 

1999;75(3):414-23. Epub 1999/10/28. 

33. Benisch P, Schilling T, Klein-Hitpass L, Frey SP, Seefried L, Raaijmakers N, et al. The 

transcriptional profile of mesenchymal stem cell populations in primary osteoporosis is 

distinct and shows overexpression of osteogenic inhibitors. PloS one. 2012;7(9):e45142. Epub 

2012/10/03. 

34. Zhou Z, Gao M, Liu Q, Tao MD. Comprehensive transcriptome analysis of mesenchymal 

stem cells in elderly patients with osteoporosis. Aging clinical and experimental research. Oct 

2015;27(5):595-601. Epub 2015/03/17. 

35. Wang H, Chen Q, Lee SH, Choi Y, Johnson FB, Pignolo RJ. Impairment of osteoblast 

differentiation due to proliferation-independent telomere dysfunction in mouse models of 

accelerated aging. Aging Cell. Aug 2012;11(4):704-13. Epub 2012/05/25. 

36. McCulloch K, Litherland GJ, Rai TS. Cellular senescence in osteoarthritis pathology. Aging 

Cell. Apr 2017;16(2):210-8. Epub 2017/01/27. 

37. Poonpet T, Saetan N, Tanavalee A, Wilairatana V, Yuktanandana P, Honsawek S. 

Association between leukocyte telomere length and angiogenic cytokines in knee 

osteoarthritis. Int J Rheum Dis. Jan 2018;21(1):118-25. Epub 2017/02/17. 

38. Yudoh K, Nguyen v T, Nakamura H, Hongo-Masuko K, Kato T, Nishioka K. Potential 

involvement of oxidative stress in cartilage senescence and development of osteoarthritis: 

oxidative stress induces chondrocyte telomere instability and downregulation of chondrocyte 

function. Arthritis Res Ther. 2005;7(2):R380-91. Epub 2005/03/04. 

39. Wilson D, Jackson T, Sapey E, Lord JM. Frailty and sarcopenia: The potential role of an aged 

immune system. Ageing research reviews. Jul 2017;36:1-10. Epub 2017/02/23. 



 
 

40. Franceschi C, Campisi J. Chronic inflammation (inflammaging) and its potential contribution 

to age-associated diseases. J Gerontol A Biol Sci Med Sci. Jun 2014;69 Suppl 1:S4-9. Epub 

2014/05/17. 

41. Castellani GC, Menichetti G, Garagnani P, Giulia Bacalini M, Pirazzini C, Franceschi C, et 

al. Systems medicine of inflammaging. Briefings in bioinformatics. Aug 24 2015. Epub 

2015/08/27. 

42. Dlouha D, Maluskova J, Kralova Lesna I, Lanska V, Hubacek JA. Comparison of the relative 

telomere length measured in leukocytes and eleven different human tissues. Physiol Res. 

2014;63(Suppl 3):S343-50. Epub 2014/11/28. 

43. Takubo K, Aida J, Izumiyama-Shimomura N, Ishikawa N, Sawabe M, Kurabayashi R, et al. 

Changes of telomere length with aging. Geriatrics & gerontology international. Jul 2010;10 

Suppl 1:S197-206. Epub 2010/07/16. 

44. Friedrich U, Griese E, Schwab M, Fritz P, Thon K, Klotz U. Telomere length in different 

tissues of elderly patients. Mechanisms of ageing and development. Nov 15 2000;119(3):89-

99. Epub 2000/11/18. 

45. Wilson WR, Herbert KE, Mistry Y, Stevens SE, Patel HR, Hastings RA, et al. Blood 

leucocyte telomere DNA content predicts vascular telomere DNA content in humans with and 

without vascular disease. Eur Heart J. Nov 2008;29(21):2689-94. Epub 2008/09/03. 

46. Flores I, Canela A, Vera E, Tejera A, Cotsarelis G, Blasco MA. The longest telomeres: a 

general signature of adult stem cell compartments. Genes Dev. Mar 1 2008;22(5):654-67. 

Epub 2008/02/20. 

47. Codd V, Wang Q, Allara E, Musicha C, Kaptoge S, Stoma S, et al. Polygenic basis and 

biomedical consequences of telomere length variation. Nat Genet. Oct 2021;53(10):1425-33. 

Epub 2021/10/07. 

48. Codd V, Denniff M, Swinfield C, Warner SC, Papakonstantinou M, Sheth S, et al. A major 

population resource of 474,074 participants in UK Biobank to investigate determinants and 

biomedical consequences of leukocyte telomere length. medRxiv. 

2021:2021.03.18.21253457. 

49. Barragán R, Ortega-Azorín C, Sorlí JV, Asensio EM, Coltell O, St-Onge MP, et al. Effect of 

Physical Activity, Smoking, and Sleep on Telomere Length: A Systematic Review of 

Observational and Intervention Studies. J Clin Med. Dec 24 2021;11(1). Epub 2022/01/12. 



 
 

50. Rizzoli R, Branco J, Brandi ML, Boonen S, Bruyere O, Cacoub P, et al. Management of 

osteoporosis of the oldest old. Osteoporos Int. Nov 2014;25(11):2507-29. Epub 2014/07/16. 

51. Kanis JA, Cooper C, Rizzoli R, Reginster JY. European guidance for the diagnosis and 

management of osteoporosis in postmenopausal women. Osteoporos Int. Jan 2019;30(1):3-44. 

Epub 2018/10/17. 

 
  



 
 

Table 1: Characteristics of participants 

  Women   
(n= 59500) 

Men  
(n= 51895) 

Age at baseline, years 56.4 (8.0) 57.0 (8.3) 
BMI, k/m2 26.0 (23.4,29.6) 27.3 (25.0,30.1) 
Ethnicity, Caucasian 55282 (92.9) 48109 (92.7) 
Smoking status   

Never 35446 (59.6) 25723 (49.6) 
Previous 19139 (32.2) 20126 (38.8) 
Current 4915 (8.3) 6046 (11.7) 
   

Alcohol consumption   

Daily or almost daily 9777 (16.4) 13505 (26.0) 
Three or four times a week 12163(20.4) 13257 (25.6) 
Once or twice a week  14981 (25.2) 13279 (25.6) 
One to three times a month  7910 (13.3) 4730 (9.1) 
Special occasions only 9059 (15.2) 3836 (7.4) 
Never 5610 (9.4) 3288 (6.3) 
   

Level of education   
College/University 19843 (33.4) 18692 (36.0) 
Other prof qualif/HDH/A levels 19462 (32.7) 18064(34.8) 
GCSE or less 19780 (33.2) 14698 (28.3) 
Missing 415(0.7) 441 (0.9) 

Days/week vigorous physical activity 1 (0,3) 2 (0,3) 
Post-menopause 36547 (61.4) - 
Gait speed at baseline:   

Slow 4420 (7.4) 3626 (7.0) 
Normal  31566 (53.1) 27314 (52.6) 
Fast 23514 (39.5) 20955 (40.4) 

Max grip strength at baseline, kg 24.5. (6.2) 40.7 (8.9) 
Heel BMD at baseline, g/cm2 0.52 (0.12) 0.58 (0.14) 
Follow-up time (person-years) 631072.3 555338.4 
Any incident fracture 3495 (5.9) 2124(4.1) 
Any incident osteoporotic fracture  2426 (4.1) 1333(2.6) 
Any incident major osteoporotic fracture 1804 (3.0) 696 (1.3) 
Incident arthroplasty at hip (primary or revision) 3113 (5.2) 2145 (4.1) 
Incident arthroplasty at knee (primary or revision)  2232 (3.8) 1930 (3.7) 
Incident arthroplasty at hip (primary only) 3006 (5.1) 2088 (4.0) 
Incident arthroplasty at knee (primary only)  2192(3.7) 1880 (3.6) 
Death 239 (0.4 ) 295 (0.6) 



 
 

Table 2: Associations between LTL and incident fractures 

 All, n=111,452  Women, 
n=59,500  Men, n=51,895  

p sex 
interact

ion 
  HR (95%CI) p HR (95%CI) p HR (95%CI) p  

Any incident fracture        
Unadjusted 0.93 (0.91,0.95) <0.001 0.89 (0.86,0.92) <0.001 0.95 (0.91,0.99) 0.01 0.03 

Model 1 0.99 (0.96,1.02) 0.42 0.96 (0.93,1.00) 0.04 0.98 (0.93,1.02) 0.29  

Model 1+ heel BMD 0.98 (0.95,1.01) 0.15 0.97 (0.93,1.00) 0.05 0.98 (0.93,1.02) 0.26  

Model 1+ grip strength 0.98 (0.95,1.00) 0.08 0.97 (0.93,1.00) 0.05 0.98 (0.93,1.02) 0.29  

Model 1 + gait speed 0.99 (0.97,1.02) 0.55 0.97 (0.93,1.00) 0.05 0.98 (0.94,1.02) 0.36  

Model 1 + total fat (bioimpedance) 0.99 (0.96,1.02) 0.42 0.96 (0.93,1.00) 0.04 0.98 (0.93,1.02) 0.27  

Model 1 + blood biomarkers  0.98 (0.95,1.00) 0.10 0.97 (0.93,1.00) 0.05 0.98 (0.94,1.03) 0.48  

Model 2 0.98 (0.95,1.00) 0.08 0.97 (0.94,1.01) 0.10 0.99 (0.94,1.03) 0.52  

Any incident osteoporotic fracture        

Unadjusted 0.91 (0.88,0.94) <0.001 0.87 (0.84,0.91) <0.001 0.92 (0.87,0.97) 0.003 0.10 

Model 1 0.99 (0.96,1.02) 0.45 0.96 (0.92,1.00) 0.03 0.98 (0.92.1.03) 0.37  

Model 1+ heel BMD 0.98 (0.94,1.01) 0.15 0.96 (0.92,1.00) 0.05 0.97 (0.92,1.03) 0.34  

Model 1+ grip strength 0.97 (0.94,1.00) 0.09 0.96 (0.92,1.00) 0.04 0.98 (0.92,1.03) 0.38  

Model 1 + gait speed 0.99 (0.96,1.02) 0.55 0.96 (0.92,1.00) 0.04 0.98 (0.93,1.03) 0.45  

Model 1 + total fat (bioimpedance) 0.99 (0.96,1.02) 0.44 0.95 (0.92,0.99) 0.02 0.97 (0.92,1.03) 0.32  

Model 1 + blood biomarkers 0.97 (0.94,1.00) 0.09 0.96 (0.92,1.00) 0.04 0.98 (0.93,1.04) 0.56  

Model 2 0.97 (0.94,1.00) 0.07 0.96 (0.93,1.00) 0.08 0.98 (0.93,1.04) 0.57  

 

Model 1: adjusted for age, age quadratic, white cell count, ethnicity, smoking, alcohol, physical activity and menopause (women).  

Blood biomarkers included are: C-reactive protein, calcium, alkaline phosphatase, urate, SHBG, creatinine, cystatin C, HbA1c  

Model 2 = model 1+ heel BMD, grip strength, gait speed, total fat, blood biomarkers. 

 



 
 

Table 3: Associations between LTL and incident arthroplasty 

 All, n=111,452  Women, n=59,500  Men, n=51,895  p sex 
interaction 

  HR (95%CI) p HR (95%CI) p HR (95%CI) p  

Incident hip arthroplasty        
Unadjusted 0.86 (0.84,0.88) <0.001 0.88 (0.85,0.91) <0.001 0.81 (0.78,0.85) <0.001 0.006 
Model 1 0.96 (0.93,0.99) 0.42 0.98 (0.94,1.01) 0.20 0.91 (0.87,0.95) <0.001  
Model 1+ heel BMD 0.96 (0.94,0.99) 0.15 0.98 (0.94,1.01) 0.19 0.91 (0.87,0.95) <0.001  
Model 1+ grip strength 0.95 (0.93,0.98) 0.08 0.98 (0.94,1.01) 0.20 0.91 (0.87,0.95) <0.001  
Model 1 + gait speed 0.97 (0.94,1.00) 0.55 0.98 (0.95,1.02) 0.40 0.91 (0.87,0.95) <0.001  
Model 1 + total fat (bioimpedance) 0.96 (0.94,0.99) 0.42 0.98 (0.95,1.02) 0.33 0.91 (0.87,0.95) <0.001  
Model 1 + blood biomarkers  0.96 (0.93,0.98) 0.10 0.98 (0.95,1.02) 0.34 0.90 (0.86,0.94) <0.001  
Model 2 0.96 (0.94,0.99) 0.08 0.99 (0.95,1.02) 0.52 0.91 (0.87,0.95) <0.001  

Incident knee arthroplasty        
Unadjusted 0.82 (0.79,0.84) <0.001 0.82 (0.78,0.85) <0.001 0.81 (0.78,0.85) <0.001 0.86 
Model 1 0.92 (0.90,0.95) <0.001 0.92 (0.88,0.96) <0.001 0.93 (0.88,0.97) 0.001  
Model 1+ heel BMD 0.93 (0.90,0.96) <0.001 0.91 (0.88,0.95) <0.001 0.93 (0.89,0.97) 0.001  
Model 1+ grip strength 0.92 (0.89,0.95) <0.001 0.92 (0.88,0.96) <0.001 0.93 (0.88,0.97) `0.001  
Model 1 + gait speed 0.94 (0.91,0.97) <0.001 0.93 (0.89,0.97) 0.001 0.94 (0.90,0.99) 0.01  
Model 1 + total fat (bioimpedance) 0.92 (0.89,0.95) <0.001 0.92 (0.89,0.97) <0.001 0.94 (0.89,0.98) 0.005  

Model 1 + blood biomarkers 0.93 (0.90,0.96) <0.001 0.93 (0.89,0.97) <0.001 0.92 (0.88,0.97) 0.001  

Model 2 0.93 (0.91,0.96) <0.001 0.93 (0.90,0.98) 0.002 0.94 (0.90,0.99) 0.01  

 

Model 1: adjusted for age, age quadratic, white cell count, ethnicity, smoking, alcohol, physical activity and menopause (women).Blood biomarkers included 
are: C-reactive protein, calcium, alkaline phosphatase, urate, SHBG, creatinine, cystatin C, HbA1c.Model 2 = model 1+ heel BMD, grip strength, gait speed, 
total fat, blood biomarkers. 




