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Extended Data 
Fig. 1 

Significant 

technical 

parameters 

affecting LTL 

measurements 

based on the 

stage 1 

adjustment. 

ExtendedDataF
igure1.tiff 

Summary boxplots are shown for the 

474, 074 LTL measurements for each 

associated parameter: Enzyme batch 

(A), PCR machine (B), primer batch 

(C), operator (D). Individual data points 

show minimum and maximum 

measures, the box represents the lower 

quartile (bottom), upper quartile (top) 

and median (internal line). The upper 

and lower whiskers extend to a value no 

further than 1.5 * IQR from the 

respective quartile. Linear relationships 

were seen between LTL and 

temperature (E) and humidity (F). For 

both (E) and (F) a fitted regression line 

is shown with 95% Confidence Intervals 

(grey shading).   

Extended Data 
Fig. 2 

Significant 

interactions 

based on the 

stage 2 

adjustment. 

ExtendedDataF
igure2.tiff 

A) LTL by Primer and Operator. B) 

LTL by primer and PCR machine. PCR 

machines 5 and 6 were not used at the 

start of the pilot study (primer batch 1) 

and machines 7 and 8 were used from 

the end of the pilot stage (primer batch 

3 onwards). 

Extended Data 
Fig. 3 

Effect of 
A260/280 on 
LTL. 

ExtendedDataF
igure3.tiff 

The distribution of DNA sample 

A260/280 ratios is illustrated in (A). 

We observed an increase in LTL with 

very low and very high A260/280 ratios 

(B). Data shown is mean LTL (blue0 

with 95% Confidence Interval (grey). 

Extended Data 
Fig. 4 

Distribution of 
the coefficients 
of variation for 
the repeat 
samples. 

ExtendedDataF
igure4.tiff 

Distribution of CVs after technical 

adjustment for both the blinded repeats 

A) (n=528) and deliberate repeats B) 

(n=22,615) are shown. The grey dotted 

line represents the median coefficient of 

variation with the shaded region 

representing the interquartile range. 

Extended Data 
Fig. 5 

Data on the first 

and second 

DNA sample 

ExtendedDataF
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A) Histogram showing that the gap 

between the two sample collections has 

a mean interval of 5.5 years (range: 2-
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used to estimate 

regression 

dilution ratio. 

10 years, N=1,312). B) Correlation 

between the first and second loge-LTL 

measure by time, estimated by the 

difference in years between the two 

sample collections and shown with 95% 

confidence intervals. The blue circle 

reflects the correlation estimate (centre) 

with size reflecting the number of 

participants measured each year (exact 

N shown in brackets). The black line 

shows the overall pooled correlation for 

all samples and the red dotted lines 

indicate the 95% confidence interval for 

this estimate. 

Extended Data 
Fig. 6 

Age and sex 
relationships for 
participants used 
to estimate 
regression 
dilution bias. 

ExtendedDataF
igure6.jpg 

The decline of LTL with age is shown 

for men (blue) and women (plum) for 

both the first (A) and second (B) LTL 

measurements. The estimated effect 

sizes are shown for age (β_Age) and 

sex (β_Sex) within the figures. 

Extended Data 
Fig. 7 

Decline of LTL 

with age. 

ExtendedDataF
igure7.jpg 

The decline of z-standardized loge-LTL 

with age is shown for men (blue) and 

women (plum) in adjusted data. The y-

axis is truncated at -5SD to +5SD with 

166 data points (80 women, 86 men) 

not shown. A small number of 

participants recruited by UK Biobank 

fall outside of the stated 40-69 age 

range. 

Extended Data 
Fig. 8 

Decline in LTL 
with age by sex. 

ExtendedDataF
igure8.jpg 

Using stratified regression for men 

(blue) and women (plum) for all 

participants (N=474,074) we considered 

the non-linear effect of age within each 

sex. Here we show the predicted shape 

in a solid line and the observed data in a 

dashed line with 95% confidence 

intervals. There is significant non-

linearity observed for women, where 

the rate of LTL decline increases as the 

population ages. 

Extended Data 
Fig. 9 

Telomere 
lengths within 
individual ethnic 
groups 

ExtendedDataF
igure9.jpg 

Data adjusted for both age and sex are 

shown in purple for individual 

observations to indicate the range and 

quantity of data alongside a box-plot to 

show the median (line) and interquartile 

range (box) with whiskers extending to 

a value no further than 1.5 * IQR from 

the respective quartile. Box plots of 

data with additional adjustment for 

BMI, CRP, HbA1c, smoking status, 
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alcohol consumption, and measures of 

physical activity, socioeconomic status 

and diet are shown in blue. Ethnicity is 

self-reported and presented as defined 

by UK Biobank Data-Field 21000. Note 

that we shorten “Asian or Asian 

British” to Asian and “Black or Black 

British” to Black. 

Extended Data 
Fig. 10 

LTL by age in 
different ethnic 
groups.   

ExtendedDataF
igure10.jpg 

LTL measurements were adjusted for 

sex, BMI, CRP, HbA1c, smoking 

status, alcohol consumption, and 

measures of physical activity, 

socioeconomic status and diet.   
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Abstract 44 

Leukocyte telomere length (LTL) is a proposed marker of biological age. Here we 45 

report the measurement and initial characterization of LTL in 474,074 participants in 46 

UK Biobank. We confirm that older age and male sex associate with shorter LTL, with 47 

women on average ~7 years younger in “biological age” than men. Compared to white 48 

Europeans, LTL is markedly longer in African and Chinese ancestries. Older paternal 49 
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age at birth is associated with longer individual LTL. Higher white cell count is 50 

associated with shorter LTL, but proportions of white cell subtypes show weaker 51 

associations. Age, ethnicity, sex and white cell count explain ~5.5% of LTL variance. 52 

Using paired samples from 1,351 participants taken ~5 years apart, we estimate the 53 

within-individual variability in LTL and provide a correction factor for this. This 54 

resource provides opportunities to investigate determinants and biomedical 55 

consequences of variation in LTL.  56 

 57 

 58 

 59 
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 65 

Introduction 66 

Many cardiovascular, neurodegenerative, neoplastic and other conditions increase in 67 

incidence with age. However, as suggested by substantial inter-individual variations in age of 68 

onset and disease risk
1
, these conditions are not inevitable consequences of aging. We and 69 

others have proposed that such variations may, at least in part, reflect variation in biological 70 

aging driven by variation in telomere length
2,3

. Telomeres are nucleoprotein complexes at 71 
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chromosome ends that maintain genomic stability. They shorten with each cell division and 72 

determine cellular lifespan
4
. At a cellular level, mean telomere length (TL) reflects cellular 73 

age and replicative history
5
. Because of these and other properties, TL has been proposed as a 74 

biomarker of biological age
2
. 75 

At a population level, TL has frequently been studied using leukocyte DNA, a practicable 76 

measure of TL that correlates well with TL across different tissues within individuals
6
. 77 

Leukocyte telomere length (LTL) shows considerable inter-individual variation and is largely 78 

genetically determined, with heritability estimates of ~0.70 
7
. Even so, established genetic 79 

risk factors explain only a small fraction of the variation in LTL
8,9

. Age, sex, paternal age at 80 

birth and ethnicity are associated with LTL, but also account only for a small proportion of 81 

the inter-individual variation in LTL
7,10-14

. Even after taking these factors into account, 82 

several biological, behavioural and environmental characteristics correlate with, and 83 

potentially modify, LTL, including oxidative stress, inflammation, obesity, smoking, physical 84 

activity and dietary intake
15-18

. It remains uncertain, however, whether they are correlates or 85 

causative determinants. Furthermore, there is uncertainty about LTL’s degree of within-86 

individual variation over time
19,20

. 87 

Congenital premature aging syndromes arise from extreme shortening of telomeres due to 88 

rare mutations in telomere regulatory genes
21

. By contrast, more subtle inter-individual 89 

variation in LTL has been linked to risks of several common disorders in middle- and later-90 

life, including certain cancers, coronary artery disease, Alzheimer’s disease, osteoarthritis, 91 

and lung diseases
22-26

. For many reported LTL-disease associations, however, it remains 92 

uncertain whether they chiefly reflect cause-and-effect relationships. For some conditions 93 

(e.g., coronary artery disease) causality is supported by associations between genetically-94 

determined variation in LTL and disease risk
8
. However, even when causality is likely, 95 

studies have been insufficiently powered to characterize dose-response relationships of LTL 96 
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with new-onset (“incident”) disease outcomes, even though this is needed to define risk 97 

thresholds.  98 

Population biobanks afford significant opportunities to address the key uncertainties outlined 99 

above. However, insight into the determinants and biomedical consequences of LTL has been 100 

limited by the inability of biobanks to combine key study attributes. In particular, studies 101 

require robust LTL measurement, long-term follow-up of participants for incident disease 102 

outcomes, and exceptional statistical power. Studies also need detailed genomic information 103 

on participants, both to characterize the genetic architecture of LTL and to derive genetic 104 

“instruments” to enable Mendelian randomization analyses to help judge causality. 105 

Importantly, studies also require extensive biomedical phenotyping, including information on 106 

behaviours, physiological traits and clinically relevant endpoints. Finally, studies require 107 

serial measurements, at least in subsets of participants, to enable quantification and correction 108 

for within-individual variation in LTL (“regression-dilution”) over time
27,28

. 109 

UK Biobank (UKB) is a large population cohort established between 2006 and 2010 of 110 

participants aged 40-69 years at recruitment
29

. Participants have been characterised in detail 111 

using questionnaires, physical measurements, urinary and plasma biomarker measurements, 112 

genomic assays and longitudinal linkage with multiple health record systems
30

. Detailed 113 

imaging assessments of the brain, neck, heart, abdomen, bones and joints, and eyes have been 114 

conducted in large subsets of participants, as well as repeat blood sampling in several 115 

thousands of participants. Here, we report on the creation, quality assurance, and initial 116 

interrogation of a resource of LTL measurements in DNA samples of 474,074 participants in 117 

UKB. Our analyses highlight the scope and potential of this powerful and detailed resource, 118 

which is available to the worldwide research community through application to UKB. 119 

 120 
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Results 121 

LTL measurements in 488,400 participants 122 

Of the 489,090 DNA samples received by our laboratory from UKB, 488,400 remained after 123 

removal of duplicates and samples from participants who had withdrawn from the study 124 

(Methods; Figure 1). Valid LTL measurements were obtained for 474,074 (97.1%) samples. 125 

Of the 14,326 (2.9%) participants without a valid LTL measurement, the large majority had 126 

insufficient DNA, with only 1,647 repeatedly failing LTL assay QC (Figure 1). A small 127 

proportion of participants had LTL measured in DNA samples not collected at baseline 128 

(Figure 1).   129 

As we had performed these measurements over 4 years and required multiple batches of 130 

reaction reagents and multiple pieces of equipment, we sought to identify and adjust for 131 

potential sources of technical variation within the measurements in a robust manner by 132 

recording experimental parameters that may lead to technical noise throughout the entire 133 

project. We adopted a three stage approach, adjusting the measurements using the regression 134 

coefficients from multivariable regression models at each stage. Full details of each stage are 135 

given in the Methods. As the assay was run on half-plates, technical parameters influencing 136 

the measurements will influence all samples within each half-plate equally. We therefore 137 

used the half-plate mean LTL to assess technical variation in stages one and two. In stage one 138 

we assessed the contribution of nine technical parameters to LTL variability, of which six had 139 

significant associations (Table 1 and Extended Data Figure 1). PCR machine (Rotor-Gene 140 

Q), explained the greatest proportion of LTL variation in the multivariable model, followed 141 

by enzyme batch, temperature, staff member (operator), primer batch, and humidity. No 142 

associations were observed for the time of day of assay runs, pipetting robot (Qiagility), DNA 143 

extraction method. In stage two, we then considered all possible pairwise interactions and 144 
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identified statistically significant interactions of primer batch with each of operator and PCR 145 

machine (Table 1 and Extended Data Figure 2). Both stages therefore highlight parameters 146 

that influence the qPCR assay as those that contribute to thermocycler performance (Rotor-147 

Gene Q, temperature) or assay composition (enzyme batch, primer batch, operator). In 148 

combination, the significant technical parameters and interactions explained 23.7% of LTL 149 

variation in half-plate mean. In stage 3, we estimated sample storage parameters and any 150 

influence of DNA sample purity using the A260/280 ratio (a measure of DNA purity) at the 151 

individual level. Both time between sample collection to DNA extraction, and DNA 152 

extraction to LTL measurement explained <0.01% in the individual level LTL so were not 153 

included. However, the A260/280 ratio explained 0.5% of variation in the individual level 154 

LTL (Extended Data Figure 3) and was therefore included in the technical adjustment.  155 

To assess the impact of adjusting LTL for the relevant technical parameters mentioned above, 156 

we considered the mean LTL per week over the four-year assay period (Figure 2). As this 157 

mean is based on thousands of samples, we expect it to remain relatively stable over time, 158 

with biological variation within these means being of very little influence. While the 159 

unadjusted LTL measurements showed substantial fluctuations over time (Figure 2A), the 160 

adjusted LTL measurements were much more consistent across the assay period (Figure 2B). 161 

Adjustment strengthened the inverse correlation of LTL with age from -0.185 to -0.195 and 162 

increased the variance in LTL explained by age and sex from 4.04% to 4.53% (see further 163 

analyses below).  164 

 165 

Reproducibility of LTL measurements 166 

To assess our assay’s reproducibility, we calculated the coefficient of variation (CV) using 167 

samples measured on two separate occasions. For the blinded duplicates (n=528) included by 168 
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UKB, the distribution of CVs was strongly positively skewed (Extended Data Figure 4A), 169 

with median CVs of 7.15 (Inter-quartile range (IQR) 3.03-11.69) for the raw LTL 170 

measurements and 6.53 (IQR 2.87-11.30) for the adjusted LTL measurements. For a larger 171 

set of randomly selected but unblinded repeats (n=22,615), the distribution of CVs was 172 

similarly skewed (Extended Data Figure 4B) with median CVs of 5.23 (IQR 2.44-6.33) and 173 

5.53 (IQR 2.67-9.68) for the raw and adjusted values respectively. 174 

To quantify within-person variability of LTL values over time, we calculated the regression-175 

dilution ratio (RDR; see Methods) using 1,351 available serial measurements of LTL taken 176 

at a mean interval of 5.5 years (range: 2-10 years). The RDR for LTL was 0.65 (95% CI: 177 

0.61, 0.68)  similar to that for loge-transformed LTL (0.68, 95% CI: 0.64, 0.72)  and did 178 

not change materially with increasing time between serial measurements or after adjustment 179 

for participants’ age at sample collection (Extended Data Figures 5A & 5B). The well-180 

known correlations of LTL with age, sex and other factors among participants with serial 181 

LTL measurements were similar to those in the entire UKB cohort (below and Extended 182 

Data Figure 6). 183 

 184 

Relationship between LTL and selected phenotypes 185 

To give researchers confidence in the dataset we performed a number of selected analyses to 186 

reproduce known associations (e.g. LTL with age and sex) or, where there is strong previous 187 

evidence but some conflicting reports (ethnicity, paternal age) provide some definitive 188 

answers. We also performed further in-depth exploration of some of these, where appropriate. 189 

We also sought to explore the potential influence that blood cell composition at sample 190 

collection may have on the LTL measurements, as different white blood cell types have been 191 

shown to have different TL within an individual. 192 
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For these analyses, we focused on participants with LTL measurements on samples collected 193 

at UKB’s baseline examination, to match the time when the selected phenotypes were 194 

assessed (Figure 1). We also removed individuals where self-reported sex and genetic sex 195 

did not match, leaving 472,174 participants for these analyses. Characteristics of these 196 

participants, stratified by quartile of LTL values, are shown in Table 2.  197 

As the distribution of the adjusted LTL data was found to be non-normal, we log transformed 198 

the data (loge-LTL, Supplementary Figure 1). We further Z-standardised the adjusted, log 199 

transformed measurements to allow direct comparison to previous studies where appropriate. 200 

Unless otherwise stated all the secondary analyses presented describing the association of 201 

LTL with various characteristics use the Z-standardised loge-LTL. 202 

Age and sex relationships: We confirmed the known relationships between shorter LTL and 203 

older age and male sex (Table 3 and Extended Data Figure 7). By comparing these 204 

associations, we estimated that being female equated to having longer LTL equivalent to 7.4 205 

years of cross-sectionally estimated LTL shortening with age, which could also be viewed as 206 

being “biologically younger”. Overall, the inverse association of LTL with older age was 207 

steeper in men than women (Table 3; P=8.8x10
-37

 for age-sex interaction). Fitting a quadratic 208 

term for age within the model to men and women separately showed an almost linear inverse 209 

association among men of (P=0.034), compared to a shallower non-linear association in 210 

younger women that became steeper at older ages (P=3.80x10
-16

, Extended Data Figure 8). 211 

Further exploration showed that the steepness of the inverse association of LTL with age in 212 

women became closer to that in men after the menopause, and was the same between men 213 

and women when we restricted the analysis to post-menopausal women aged >55 years 214 

which removes potential outliers that may not represent a natural early menopause (Table 3). 215 
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Ethnicity: Compared to white Europeans, mean LTL was longer in people of Black, Chinese 216 

and mixed ancestries (Extended Data Figure 9). Adjusting for traits that have previously 217 

been associated with LTL and that differ by ethnicity
16,18,31-36

 (Supplementary Table 1) had 218 

minimal effect on the observed ethnic differences in LTL (Extended Data Figure 9). Within 219 

each ethnic group, we observed similar relationships of shorter LTL with older age and male 220 

sex (Table 4) to those reported overall, with somewhat steeper associations with age in Black 221 

participants (Table 4; Extended Data Figure 10). Differences in “biological age”, defined as 222 

the equivalent effect in terms of cross-sectional age-related LTL shortening, between women 223 

and men across ethnic groups ranged from 6.17 years for South Asians and other Asians to 224 

9.27 for Chinese.  225 

Paternal and maternal age at birth: Information on paternal and maternal age at birth was 226 

available for 97,234 and 170,668 participants, respectively, and on both parents for 70,871 227 

participants. Comparing participants for whom we could derive parental age at birth to those 228 

we could not, revealed those participants with this information were more likely to be 229 

younger, female, of White ethnicity and have slightly shorter age and sex-adjusted LTL (-230 

0.030 (-0.036, -0.024)). After adjustment for age and sex, having an older father or mother at 231 

birth was associated with longer LTL. The positive association per year of older parental age 232 

at birth with longer LTL was broadly equivalent to the inverse association per year of the 233 

participant’s age with shorter LTL (Table 5). Results were unchanged when restricting 234 

analyses for maternal (0.018, 95% CI: 0.016, 0.019) and paternal (0.021, 95% CI: 0.019, 235 

0.022) age at birth only to participants with both parents alive at baseline. Including both 236 

maternal and paternal age at birth within the same model greatly attenuated the association of 237 

maternal age with LTL (Table 5), suggesting paternal age at birth is the principal determinant 238 

and that the relationship with maternal age at birth was likely due to correlation between 239 

parental ages (r=0.75), despite no evidence of collinearity (variance inflation factor 240 
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[VIF]=2.29 and 2.26 for paternal and maternal ages, respectively). When we restricted 241 

analysis to participants with parental ages with a difference of between 2-5 years and >5 242 

years in an attempt to break down the correlation between parental ages and avoid 243 

collinearity, we found significant positive associations and consistent effect sizes with 244 

paternal age at birth but not with maternal age at birth (Table 5).  245 

White blood cells: In a model that also included age, sex and ethnicity, we found an inverse 246 

association of LTL with total white cell count (WBC) (0.064 SD lower LTL per 1-SD higher 247 

white cell count, P<1x10
-314

: Table 6). For individual white cell types, there was a positive 248 

association of LTL with proportion of neutrophils and inverse associations with proportions 249 

of eosinophil and monocytes. There was no association with lymphocyte percentage (Table 250 

6).  251 

Variance in LTL explained: In a multivariable model, we estimated the amount of inter-252 

individual variance in LTL explained by the biological factors studied, excluding parental age 253 

at birth which was only available for a small fraction of the cohort. Age explained ~3.5%, 254 

followed by ethnicity, sex and WBC, explaining 0.84%, 0.68% and 0.37%, respectively 255 

(Table 6). Allowing for WBC, blood cell proportions individually accounted for very little 256 

additional variance (all <0.01%, Table 6). In aggregate, these factors explained about 5.5% 257 

of the variance in LTL. In this model, where cell composition is also included, we also 258 

detected a significant difference in LTL between White participants and the category in UKB 259 

called “Asians” (comprising mostly South Asians). However, the difference in LTL was most 260 

marked for Black and Chinese ethnicities where the difference in “biological age” compared 261 

to White participants was 17.9 years and 15.6 years, respectively (Table 6). 262 

Discussion 263 
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We have generated relative LTL measurements by qPCR in 474,074 well-characterised 264 

participants in UKB, creating an unprecedentedly powerful resource to investigate the 265 

determinants and biomedical consequences of naturally-occurring variation in LTL.  266 

Whilst the qPCR method for estimating LTL has been criticized for having higher variability 267 

that some other methodologies, such as Southern blotting, it is the only method that is 268 

practical to use at this scale. Furthermore, we conducted detailed exploration of potential 269 

technical factors that could influence the measurements through careful curation of relevant 270 

variables. Removing technical variation from the measurements through statistical adjustment 271 

improved measures of inter-assay variation and led to a more stable measurement of LTL 272 

over the 4-year measurement period. Despite the unprecedented scale of the project, our 273 

assay showed good reproducibility as assessed through inclusion of both blinded as well as 274 

deliberate duplicates.  275 

Our confirmation of well-established relationships between shorter LTL and older age and 276 

male sex of similar magnitudes to those reported before adds confidence to the validity of our 277 

measurements. For example, our estimate that women are younger in “biological age” than 278 

men by 7.4 years is very similar to an estimate of 7.0 years based on previous data
37

. Our 279 

study’s exceptional power allowed us to demonstrate a moderate but significant age-sex 280 

interaction in the inverse association of LTL with age, showing shallower associations in 281 

younger women compared with men but more similar associations after the menopause or 282 

after age 55 years. This observation is consistent with a potential protective effect of 283 

oestrogen on LTL attrition
38

. However, our analysis was constrained by the relatively narrow 284 

age at recruitment of participants in UKB (40-70 years); other studies have reported steeper 285 

associations of shorter LTL with age in younger women
39,40

. Furthermore, the cross-sectional 286 

design of both UKB and the other studies that have investigated sex-related associations of 287 



15 
 

LTL with age, limit the inferences that can be drawn; longitudinal studies are needed to 288 

confirm any oestrogen-related associations with LTL. 289 

Our study found that longer LTL is associated with having an older father at the time of birth, 290 

again consistent with previous findings
7,10,11

. We acknowledge that we could not calculate 291 

parental age for all participants and that this analysis is therefore restricted to those 292 

individuals whose parents were alive at the time of recruitment and therefore more likely to 293 

be in the younger fraction of participants. Whilst these participants were not fully 294 

representative of the populations as a whole, having shorter age- and sex-adjusted LTL, we 295 

have no reason to believe that this would influence the relationship between offspring LTL 296 

and paternal age at birth. Furthermore, we show consistent findings with other large-scale 297 

analyses of this association
7
, suggesting that studies which did not show the relationship 298 

previously may have been impacted by relatively small sample sizes. Although we also 299 

observed an association between longer LTL and having an older mother at birth, additional 300 

analysis showed that this was most likely due to correlation of spousal ages and the 301 

association is driven predominantly, if not exclusively, through paternal age at birth. It is 302 

notable, therefore, that previous studies have reported longer telomeres in the sperm of older 303 

men
10

.  304 

We also observed substantial ethnic differences in average LTL, confirming previous 305 

findings of longer LTL in people of African ancestry
12-14

. Furthermore, compared to people 306 

of white European ancestry, we report findings of longer LTL in people of Chinese, South 307 

and West Asian and mixed ancestry. Adjusting our analyses for factors where there is some 308 

prior evidence of an association of the trait with LTL and a difference in the trait by ethnic 309 

group had minimal influence on our findings, suggesting that these are genetic differences 310 

between ethnicities and not driven by differences in lifestyle or disease factors that influence 311 

LTL. While we cannot completely exclude the possibility that the ethnic differences are due 312 
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to other confounders, there is evidence to suggest that ethnic differences in LTL may be 313 

driven by polygenic adaptation, with suggestion that shorter LTL Europeans was an 314 

adaptation to lower the potential risk of developing melanoma due to loss of skin 315 

pigementation
12

. Other potential drivers of LTL adaptation could also be in allowing greater 316 

ability of the immune system to respond to bacterial or parasitic infection through longer 317 

LTL, despite the potential of increased cancer risk. The exact reasons for the ethnic 318 

differences in LTL and any potential biomedical consequences remain to be fully explored. 319 

There has been a long debate about the potential impact of white cell composition on LTL 320 

measurements prompted by previous reports of differences in TL between B cells, T cells and 321 

monocytes within an individual
41-44

. Here we clarify that, at a population level, total white 322 

cell count has a small but significant inverse association with LTL. Accounting for this, the 323 

proportions of several white cell types available in UKB additionally explained very little of 324 

the inter-individual variance in LTL, suggesting that cell composition has little influence on 325 

the LTL measurement. However, our analyses are limited to the major blood cell types 326 

measured in UKB that do not include the lymphocyte subsets (T- and B-cells) that have been 327 

studied previously
44

. While different cell types have different TL they are also highly 328 

correlated within an individual
44

, suggesting that LTL is a viable measure of overall TL for 329 

epidemiological research.  330 

Using paired samples from 1,351 participants taken on average 5 years apart, we show the 331 

regression-dilution ratio for LTL is 0.65. This degree of within-individual variability is 332 

similar to those we observed for systolic blood pressure and total cholesterol, but less than for 333 

body mass index in the same UKB participants (Supplementary Table 2). A previous study, 334 

involving a larger number of paired measurements, reported a somewhat lower regression-335 

dilution ratio (0.50) for LTL, perhaps because the interval between measurements was more 336 

prolonged (9.3 vs 5.5 years), meaning age-related changes in LTL could have contributed 337 
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more substantially. The implication from both of these studies is that, despite its high 338 

heritability, LTL is a fluctuating factor within individuals in mid-life. Hence, adjusting for 339 

RDR should provide a more accurate assessment of any aetiological associations of LTL with 340 

disease outcomes and biomedical traits.  341 

As noted earlier, UKB combines several key attributes that make it an exceptionally 342 

informative cohort in which to conduct LTL measurements. However, UKB is not a strictly 343 

representative sample of the UK general population, as only about 6% of those invited to 344 

participate did so
29

. Risk factor levels and mortality rates in UKB are lower than in the 345 

general population, likely reflecting a to a “healthy cohort” effect.
45

 Furthermore, UKB had a 346 

relatively narrow age range at recruitment (45-69 years) and only a small proportion of 347 

participants of non-white ethnicity.  While studies have shown that risk factor associations in 348 

UKB are consistent with those in the general population,
46

 these limitations of the cohort 349 

should be borne in mind by researchers conducting and interpreting analyses on the LTL data 350 

we have added to UKB. Specifically, with respect to the ethnicity associations with LTL, 351 

whilst our findings are consistent with previous studies, we cannot exclude the possibility, 352 

especially noting the low proportions of non-White participants, that factors that contribute to 353 

selection into the UKB also create a collider scenario that produces spurious associations 354 

between ethnicity and LTL. More work is needed to clarify the contribution of differential 355 

selection into UKB and its potential impact on the observed ethnic differences in LTL.  356 

We have returned our LTL measurements to UK Biobank and the data are available to 357 

researchers under the following fields: 22190 (unadjusted LTL), 22191 (technically adjusted 358 

LTL) and 22192 (technically adjusted, loge- and Z-transformed LTL). For researchers 359 

performing analyses on all or the majority of participants in UK Biobank, we would advise 360 

using Data-Field 22192. Where sub-group analyses are performed, researchers may want to 361 

consider using Data-Field 22191 and perform appropriate transformation to achieve a normal 362 
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distribution as appropriate for the sub-group. In addition to adjusting analyses for age, sex 363 

and ethnicity, we would advise researchers utilising these measurements to consider 364 

removing non-baseline samples and adjusting for WBC where appropriate. Importantly, we 365 

also provide an estimate of RDR to allow researchers to adjust for inter-individual variation 366 

within their analyses
27,28

. To estimate usual LTL we propose an RDR of 0.68 should be used 367 

to adjust effect size estimates when using the technically adjusted, loge transformed LTL, 368 

while untransformed technically adjusted LTL should use an RDR of 0.65.  369 

In summary, we have created a large resource to facilitate investigation of the determinants 370 

and biomedical consequences of inter-individual variation in LTL. Here, we provide a 371 

detailed description of generation and quality assurance of the measurements. Demonstration 372 

of several well-established relationships of LTL should give researchers additional 373 

confidence in the use of the resource.  374 

 375 

 376 

 377 

 378 

 379 

 380 

 381 

 382 

Methods 383 

Measurement of LTL 384 

UK Biobank recruited participants between the ages of 45-69 between 2006 and 2010. 385 

Participants were invited to take part by post and identified from National Health Service 386 

records, with an aim to provide both socioeconomic and ethnic heterogeneity and cover 387 
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individuals living in both urban and rural environments. Full details of recruitment can be 388 

found elsewhere (https://www.ukbiobank.ac.uk)
29

.  Technicians at UKB extracted DNA from 389 

peripheral blood leukocytes as part of a cohort-wide array genotyping project, described in 390 

detail elsewhere
47

. DNA was extracted using an automated process for the majority of 391 

samples; a small proportion were extracted using a manual method using the same chemistry. 392 

UKB transported residual DNA from this project to the University of Leicester LTL assay 393 

laboratory in 11 tranches of approximately 50,000 samples. Sample manifests including 394 

sample ID and concentration were provided alongside the samples. Prior to assay, samples 395 

were first normalised to a concentration of 10ng/ul using automated pipetting robots 396 

(Qiagility, Qiagen). Research staff at the University of Leicester conducted LTL 397 

measurements blinded to phenotypic information. Measurements were made for LTL on all 398 

samples supplied. Samples were only excluded in the event of UKB receiving a request to 399 

withdraw from the participant. A total of 122 participants withdrew during the measurement 400 

period; samples and data for these participants were destroyed. 401 

Using the multiplex qPCR methodology LTL is measured as the ratio of telomere repeat copy 402 

number (T) relative to that of a single copy gene (S, HBB, which encodes human hemoglobin 403 

subunit beta)
42

. The amounts of both T and S were measured within each reaction and were 404 

calculated relative to a calibrator sample (pooled DNA from 20 individuals) which was 405 

included on every run. Each measurement run was set up on a 100 well Rotor-Disc (Qiagen) 406 

using an automated pipetting robot (Qiagility, Qiagen) and included 47 samples in duplicate, 407 

a no template control and the calibrator sample in quadruplicate. Each qPCR reaction 408 

contained 1x Sensimix SYBR No-ROX enzyme mix (Bioline), 150nM Tel primers, 45nM of 409 

Hgb primers (Supplementary Table 3) and 30ng of DNA. The Rotor-Discs were transferred 410 

to a Rotor-Gene Q PCR machine for amplification. Cycling conditions for each run were as 411 

follows: 95°C 10 min; 95°C for 15 sec, 49°C for 15 sec for 2 cycles; 94°C for 15 sec, 62°C 412 

for 10 sec, 72°C for 15 sec with signal acquisition (T), 84°C for 10 sec, 88°C for 10 sec with 413 

signal acquisition (S) for 32 cycles. At the end of cycling a dissociation curve was included.  414 

Prior to use, each primer batch was assessed for quality by producing a standard curve across 415 

the input DNA range of 1200-9.3ng in two-fold dilution (8 points). Primers achieving 90-416 

110% reaction efficiency and an R
2
 across the linear range >0.99 were acceptable. Further 417 

testing was then performed to reproduce measurements for previously assayed samples with 418 

good concordance before further use. The linear range for each primer batch was recorded as 419 

a QC metric. 420 
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Relative quantities of T and S were calculated for each sample using the Rotor-Gene 421 

comparative quantification software (Qiagen). This software calculates the amplification 422 

efficiency of each reaction. The relative amount of T and S is calculated using the following 423 

equation:  424 

Relative concentration = Average Amplification 
(calibrator take off – sample take off).

 425 

Using the calculated average amplification efficiency, rather than assuming 100% efficiency, 426 

effectively adjusts the measurements for run-to-run variation. The resulting T/S ratios were 427 

calculated for each well, alongside the average T/S and the coefficient of variation for the 428 

sample duplicate. We then applied strict, pre-defined QC criteria at both the sample and run 429 

levels, as detailed in Supplementary Table 4, before accepting the measurements as being 430 

valid. Following this, successful data from each run was uploaded into a custom database. All 431 

samples that failed QC criteria were re-assayed until valid measurements were achieved, or 432 

the sample was deemed to be unsatisfactory or exhausted.  433 

To measure stability and reproducibility of the measurements subsets of samples were 434 

deliberately re-run at later dates and the coefficient of variation between the measurements 435 

calculated. For this subsets of samples were selected each week and re-measured. These 436 

samples were deliberately selected from early tranches so that as the project progressed 437 

reproducibility could be assessed over longer time periods. In addition to these deliberate 438 

repeats (n=22,516), a small number of duplicate samples (n=528) were included by UKB, 439 

spread across the tranches, to which we were initially blinded (blinded duplicates). 440 

Due to the scale of the project, the samples were measured over a 47 month period by 6 441 

members of staff (“operators”), using 5 Qiagility pipetting robots for liquid dispensing and 8 442 

Rotor-Gene PCR machines (Supplementary Figure 2). It was necessary to use 19 batches of 443 

Sensimix SYBR No-ROX enzyme mix and 7 primer batches for the assays (Supplementary 444 

Figure 3). Details of these parameters, alongside temperature and humidity (for potential 445 

influences on Rotor-Gene and Qiagility performance), were recorded alongside the sample 446 

data.  447 

 448 

Statistical adjustment of data to minimise technical variation. 449 

Adjustment for T/S experimental/technical variation was performed in three stages using R 450 

v3.6.1. First, we sought to identify technical parameters that influenced all measurements 451 
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within a qPCR run (half-plate). For this backwards selection using the mean T/S ratios at the 452 

half-plate  level was used in a linear regression adjusting for enzyme, primer batch, PCR 453 

machine, pipetting robot, operator, temperature, humidity, time of day, and extraction 454 

method. Only half-plates with at least 20 valid measurements were included. Significant 455 

effects were determined using the Bayesian information criterion. The second stage took all 456 

significant main effects identified in stage 1 and further tested all possible two-way 457 

interactions using the same backwards selection approach as stage 1 for the interaction 458 

effects. For both stages we estimate a partial R
2
 as the difference between the full model R

2
 459 

and the model R
2
 leaving a single parameter out. Individual-level T/S ratios were then 460 

partially adjusted based on the coefficients from the final model selected in stage 2. A further 461 

level of adjustment was then applied at the individual measurement level by fitting a linear 462 

regression model on the individual level data adjusting for the 260/280 ratio of the DNA 463 

sample (stage 3). Due to an observed non-linear relationship between the T/S and 260/280 464 

ratios both linear and quadratic effects were included. For the purpose of this analysis 465 

samples with a missing 260/280 or those that had a measurement within the extremes of the 466 

distribution (<1 or >3) were imputed using the mean 260/280 value. We also considered the 467 

time between sample collection to DNA extraction, and DNA extraction to LTL 468 

measurement using linear regression models to determine if either length of time affected the 469 

LTL measurement. 470 

After technical adjustments were applied the LTL measurements (T/S ratios) were loge-471 

transformed due to non-normality (loge-LTL). To allow direct comparison of the results of 472 

our analyses with previous studies we Z-standardised the loge-LTL measures. 473 

 474 

Estimation of regression dilution bias  475 

 476 

DNA was extracted by UKB for 1,884 participants from a second blood sample taken 477 

between 2 and 10 years after the original sample, using the same methodology. To remove 478 

technical variation between the two measures for estimation of the regression-dilution the 479 

original baseline sample was re-plated alongside the second time point sample and 23 pairs of 480 

samples were assayed in each qPCR half-plate. As these DNA samples were received 481 

towards the end of the project, for many there was insufficient DNA remaining from the 482 

baseline sample (which had already undergone measurement) to allow measurements for both 483 

of the paired DNAs to be obtained.  Quality control parameters were then applied as for the 484 
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main dataset. Only samples with valid data for both time points within the same half-plate run 485 

were taken forward for analysis (Supplementary Figure 4).  486 

We estimated the LTL regression dilution ratio (RDR) coefficient by regressing LTL 487 

measured at the second time point on LTL measured at the first time point
27,28

. The RDR is 488 

the ratio of the between-individual variance to the total variance (i.e. between-individual 489 

variance + within-individual variance); RDR values close to 1 indicate little within-individual 490 

variability, whereas values close to 0 imply high levels of within-individual variability. The 491 

resulting regression coefficient is the RDR, and the multiplicative regression dilution bias 492 

(RDB) correction factor, λ, is simply the inverse of the RDR coefficient i.e. 493 

 ̂    ̂    
∑       ̅    

 

∑       ̅          ̅   
 

where     and     are the first and second measurements of LTL respectively for each of the 494 

1,351 participants. 495 

We further adjusted for the difference in ages between the two measurements to consider the 496 

impact of time between sample collections on the RDR estimate and after removing the age 497 

effect from the first and second measurements by taking the residuals from a linear regression 498 

on LTL adjusted for age. We then regressed the age-adjusted second measurement residuals 499 

on the age-adjusted first measurement residuals adjusting for baseline age, sex and difference 500 

in age between sample collections to estimate the RDR. For non-LTL traits in UKB shown in 501 

Supplementary Table 2, we used baseline and follow-up visit 1 data and ran the models in 502 

the same way to estimate the RDR. 503 

 
504 

Association of LTL with selected phenotypes in UKB  505 

Before conducting analyses we first removed participants for whom the LTL measurement 506 

was made from a non-baseline sample (where baseline visit date was before sample 507 

collection date) or where self-reported sex and genetic sex did not match (reflecting potential 508 

sample mishandling)
29

. To assess population demographics we estimated means and standard 509 

deviations for continuous traits and percentages for categorical traits. To account for familial 510 

correlation we randomly excluded one participant from each related pair, where a pair of 511 

participants were related if their kinship coefficient was K>0.088 estimated using genetic 512 

relatedness. No other exclusions were made other than where individuals had missing data. 513 
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We used linear regression models to assess the association of TL with age, sex, parental age 514 

at birth, ethnicity and white blood cell traits. Interactions and non-linear effects were 515 

considered in the regression model where appropriate. We consider P<0.05 as the threshold 516 

for nominal statistical significance.  517 

Age and sex relationships were assessed first to identify interactions and non-linear effects in 518 

the data to estimate population attrition rates. To further investigate the observed age and sex 519 

trends we investigated the role of menopause by matching a male to each female 1:1 on age 520 

at baseline running stratified analyses by pre- and post-menopause status. Menopause status 521 

was taken from self-reported data (Data-Field 2724), using only “yes” and “no” responses. 522 

We calculated parental age at birth from the reported parental age at baseline minus the age 523 

of the participant at baseline. We first modelled parental age at birth adjusting for age and sex 524 

and then calculated the difference in paternal and maternal age running analyses stratified by 525 

age difference group, 2-5 years and >5 years and run separately. Similarly, for ethnicity, 526 

regression models were stratified by ethnic group and run separately to assess the age and sex 527 

attrition rates within each ethnic group. We used the UKB defined ethnic groups from self-528 

reported data (Data-Field 21000). Both “British and Black British” and “Asian and British 529 

Asian” are shortened to “Black” and “Asian” throughout. The “Asian and British Asian” is 530 

largely comprised of South and West Asian ancestries. To assess potential differences in LTL 531 

between ethnic groups linear regression models using loge-transformed technically adjusted 532 

LTL measures were run, including age and sex as covariates. The residuals (age and sex 533 

adjusted LTL) were subsequently z-transformed. To test whether known factors that associate 534 

with LTL and differ between ethnic groups were driving the observed ethnic differences we 535 

first assessed whether there were significantly differences in level or proportion across ethnic 536 

groups in UKB using ANOVA (continuous traits) or chi-squared (categorical traits) tests. We 537 

subsequently further adjusted our LTL-ethnicity analyses for BMI, CRP, HbA1c, physical 538 

activity (MET), smoking, alcohol consumption and Townsend deprivation index. We 539 

considered collinearity in these models through estimation of the variance inflation factor 540 

(VIF) where a value > 5 is considered to indicate collinearity. 541 

Finally, we fitted a multivariable model to assess the contribution of white blood cell traits. 542 

All white blood cell traits were winsorized at the 0.5% and 99.5% centile to reduce the 543 

impact of extreme values, loge-transformed if required and Z-standardised. Linear regression 544 

models were again used to quantify the association with total white blood cell count on TL. 545 
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We also included white blood cell composition in the model with the percentages of 546 

neutrophils, monocytes, eosinophils, lymphocytes and basophils. All phenotype analyses 547 

were run using Stata v16.0. 548 

 549 

Statistics and Reproducibility 550 

We attempted to measure LTL in all participants in UK Biobank for whom a DNA sample 551 

was available. Reproducibility of the telomere measurements was assessed subsets of samples 552 

were re-run on a second occasion at random and the coefficient of variation calculated as 553 

detailed above. In addition, the experiment included 528 duplicate samples to which we were 554 

blinded until data had been returned to UK Biobank.  LTL measurements were performed 555 

blinded to all phenotypic information for participants. No statistical method was used to 556 

predetermine sample size for the measurements and all available data was used for 557 

phenotypic analyses. Participants were excluded based on relatedness as detailed above and 558 

where the LTL measurement was from a non-baseline sample (i.e. did not correspond to the 559 

time point at which phenotypic data was collected).  560 

Ethics 561 

The UK Biobank has ethical approval from the North West Centre for Research Ethics 562 

Committee (Application 11/NW/0382), which covers the UK. UK Biobank obtained 563 

informed consent from all participants.  Full details can be found at 564 

https://www.ukbiobank.ac.uk/learn-more-about-uk-biobank/about-us/ethics. The generation 565 

and use of the data presented in this paper was approved by the UK Biobank access 566 

committee under UK Biobank application number 6007. 567 

 568 

 569 

Data availability 570 

Access to samples was made available through the UK Biobank Resource under Application 571 

Number 6077. As per the standard terms of UK Biobank, all data for the telomere 572 

measurements were returned to UK Biobank to be made available to other researchers. All 573 

source data used in this study, including all data related to the telomere measurements are 574 

accessible via application to UK Biobank. Further information on registration to access the 575 

data can be found at http://www.ukbiobank.ac.uk/register-apply/. Information on the telomere 576 

https://www.ukbiobank.ac.uk/learn-more-about-uk-biobank/about-us/ethics
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measurements can be viewed in the data showcase (https://biobank.ndph.ox.ac.uk/showcase/) 577 

under the following fields: 22190 (unadjusted), 22191 (adjusted), 22192 (adjusted and z-578 

transformed) and 22194 (both time point measurements for the regression dilution bias 579 

experiment). 580 

Code availability 581 

LTL measurement data was added to a custom built database application, the source code for 582 

this is viable at https://github.com/LCBRU/telomere. No other custom code was used in this 583 

study. 584 

 585 
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 620 

Technical parameter Univariate 

Model R
2
 (%) 

Multivariable 

partial R
2
 (%) 

Stage 1 

Enzyme 7.87 4.63 

PCR machine 6.69 7.43 

Primer 4.87 1.04 

Operator 2.28 2.51 

Temperature 0.73 4.63 

Humidity 0.10 0.07 

Hours from 6am 0.03 - 

Pipetting robot 0.01 - 

Extraction method 0.00 - 

Stage 2 

Primer* PCR machine - 2.13 

Primer*Operator - 1.56 

Table 1. Estimating the variance explained by each technical parameter. Data during stage 1 and 2 were 621 

assessed at the run level with linear regression on half-plate mean LTL. Stage 1: Univariate model R2 includes 622 

only this variable, multivariable partial R2 is the contribution of the parameter on the total model R2 (estimated 623 

as the difference between the full model R2 and the model R2 leaving this parameter out). Stage 2: Estimating 624 

the variance explained by the interactions in addition to the full model selected during Stage 1. Stage 2 Model 625 

R2=23.7%. 626 

 627 
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Trait 
LTL Q1  LTL Q2 LTL Q3 LTL Q4 

N Mean (SD) / % N Mean (SD) / % N Mean (SD) / % N Mean (SD) / % 

Age (years) 118,044 58.6 (7.63) 118,043 57.1 (7.91) 118,044 56.0 (8.07) 118,043 54.4 (8.16) 

Sex Male 61,082 51.8 56,270 47.7 52,143 44.2 46,692 39.6 

Female 56,962 48.2 61,773 52.3 65,901 55.8 71,351 60.4 

Ethnicity Asian  2,116 1.8 2,206 1.9 2,341 2.0 2,494 2.1 

Black  910 0.8 1,302 1.1 1,758 1.5 3,309 2.8 

Chinese 175 0.2 281 0.2 375 0.3 621 0.5 

Mixed 501 0.4 606 0.5 714 0.6 918 0.8 

Other 748 0.6 900 0.8 1,092 0.9 1,473 1.3 

White 113,078 96.2 112,172 95.5 111,234 94.7 108,616 92.5 

Menopause Pre 9,776 16.3 12,893 21.5 16,041 26.7 21,315 35.5 

Post 38,537 24.8 39,273 25.3 39,170 25.3 38,139 24.6 

Paternal Age at birth 21,422 27.8 (4.56) 25,250 28.2 (4.68) 28,208 28.7 (4.82) 31,389 29.3 (4.97) 

Maternal Age at birth 39,522 26.1 (4.67) 44,497 26.4 (4.75) 48,712 26.9 ( 4.85) 53,064 27.4 ( 4.99) 

WBC (count) 114,722 7.0 (1.75) 114,587 6.9 (1.72) 114,586 6.8 (1.73) 114,417 6.8 (1.75) 

Neutrophil (%) 114,512 60.7 (8.36) 114,388 60.9 (8.16) 114,361 61.0 (8.16) 114,197 61.1 (8.23) 

Lymphocyte (%) 114,512 28.9 (7.39) 114,388 28.8 (7.22) 114,361 28.9 (7.22) 114,197 28.9 (7.28) 

Basophil (%) 114,512 0.6 (0.43) 114,388 0.6 (0.43) 114,361 0.6 (0.42) 114,197 0.6 (0.43) 

Eosinophil (%) 114,512 2.6 (1.75) 114,388 2.6 (1.72) 114,361 2.5 (1.72) 114,197 2.5 (1.72) 

Monocyte (%) 114,512 7.2 (2.19) 114,388 7.1 (2.15) 114,361 7.0 (2.13) 114,197 6.9 (2.12) 

Table 2. Characteristics of participants with LTL measurements at baseline. Data are shown by LTL quartile with Q1 being shortest LTL and Q4 being longest LTL. N 628 

is the available sample size, and the summary statistic is either the mean (standard deviation) for continuous traits or percentage for categorical traits. Ethnicity is self-629 

reported and presented as defined by UKB Data-Field 21000. The Z-standardised values of LTL for each quartile are: Q1, <-0.65; Q2,-0.65≤ to <-0.002; Q3, -0.002 to <0.65; 630 

Q4, ≥0.65.   631 
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Model N Trait Beta (95% CI) P value 

1 

Age and Sex 437,544 
Age -0.024 (-0.025, -0.024) <1.00E-314 

Sex (Male) -0.178 (-0.184, -0.172) <1.00E-314 

2 

Age and sex 

interaction 
437,544 

Age -0.022 (-0.023, -0.022) <1.00E-314 

Sex 0.086 (0.045, 0.127) 4.50E-05 

Age*Sex interaction -0.005 (-0.005, -0.004) 8.80E-37 

3 

Pre-menopausal 

age matched 

54,560 Male Age -0.028 (-0.030, -0.026) 2.00E-182 

54,560 Female Age -0.023 (-0.024, -0.021) 6.00E-116 

4 

Post-menopausal 

age matched 

141,692 Male Age -0.027 (-0.028, -0.026) <1.00E-314 

141,692 Female Age -0.024 (-0.025, -0.023) <1.00E-314 

5 

Pre-menopausal 

aged ≤55 years 

age matched 

53,407 Male Age -0.027 (-0.029, -0.025) 9.00E-122 

53,407 Female Age -0.022 (-0.024, -0.020) 7.20E-79 

6 

Post-menopausal 

aged >55 years 

age matched 

111,962 Male Age -0.029 (-0.031, -0.028) <1.00E-314 

111,962 Female Age -0.029 (-0.030, -0.027) 4.00E-302 

Table 3: Relationship between LTL and age and sex.  All models shown are fit with LTL as the outcome 632 

with available sample size N. Model 1 includes age and sex. Model 2 adds an interaction term between age and 633 

sex. Models 3 (pre-menopausal), 4 (post-menopausal), 5 (aged ≤55 years) and 6 (aged>55 years) assesses age in 634 

sex stratified models where each woman is matched to a man of the same age before stratification. Betas are 635 

shown in SDs of logeLTL with 95% confidence intervals. 636 

 637 

 638 
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Ethnic group N 
Age effect Sex effect (Male) 

Beta (95% CI) P value Beta (95% CI) P value 

Asian  5,579 -0.024 (-0.027, -0.021) 1.80E-48 -0.148 (-0.203, -0.092) 1.90E-07 

Black  3,900 -0.03 (-0.034, -0.026) 3.70E-44 -0.265 (-0.329, -0.201) 4.50E-16 

Chinese 1,010 -0.026 (-0.035, -0.017) 6.90E-09 -0.241 (-0.379, -0.104) 5.90E-04 

Mixed 1,826 -0.023 (-0.029, -0.017) 1.90E-13 -0.181 (-0.278, -0.085) 2.30E-04 

Other ethnic 

group 
2,605 -0.024 (-0.029, -0.019) 1.20E-19 -0.259 (-0.339, -0.179) 3.10E-10 

White 301,312 -0.023 (-0.024, -0.023) 
<1.00E-

300 
-0.168 (-0.175, -0.161) <1.00E-300 

Table 4. Age and sex associations within ethnic groups. A linear regression on LTL stratified by ethnicity and 639 

adjusting for BMI, CRP, HbA1c, smoking status, alcohol consumption, and measures of physical activity, 640 

socioeconomic status, diet and either age or sex. The age association is estimated for a single year increase in 641 

age and was also adjusted for sex, and the sex association is the average difference in LTL for men compared to 642 

women was also adjusted for age. Ethnicity is self-reported and presented as defined by UKB Data-Field 21000. 643 

Only participants with complete phenotypic information were included in this analysis. Betas are shown in SDs 644 

of logeLTL with 95% confidence intervals. 645 

 646 
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 647 

Stage 1 

Trait 
Paternal age only (N=97,234) Maternal age only (N=170,688) Parental age (N=70,871) 

Beta (95% CI) P-value Beta (95% CI) P-value Beta (95% CI) P-value 

Age -0.022 (-0.023, -0.021) 1.00E-314 -0.023 (-0.024, -0.022) 1.00E-314 -0.022 (-0.024, -0.021) 3.00E-270 

Sex -0.139 (-0.151, -0.127) 6.00E-111 -0.151 (-0.160, -0.141) 3.00E-223 -0.130 (-0.145, -0.116) 4.00E-72 

Paternal age 0.020  (0.019, 0.022) 5.00E-209 - 0.018 (0.015, 0.020) 1.50E-52 

Maternal age - 0.017 (0.016, 0.018) 1.00E-275 0.004 (0.002, 0.007) 5.80E-04 

Stage 2   

Trait 
2 - 5 years (N=21,985) 

 
>5 years (N=10,759) 

 

Beta (95% CI) P-value Beta (95% CI) P-value 

Age -0.021 (-0.023, -0.019) 7.70E-75 -0.022 (-0.026, -0.019) 4.80E-36 

Sex -0.120 (-0.146, -0.095) 2.80E-20 -0.118 (-0.154, -0.082) 2.20E-10 

Paternal age 0.018 (0.012, 0.024) 3.70E-10 0.019 (0.014, 0.024) 6.00E-15 

Maternal age 0.004 (-0.001, 0.010) 0.120 0.001 (-0.003, 0.006) 0.550 

Table 5. The relationship between parental age at birth and LTL. Stage 1 analyses were performed in the whole cohort where the association with parental age was 648 

considered separately for paternal and maternal, before fitting both in the regression model. Stage 2 analyses stratified by the age difference between both parents at birth to 649 

allow for the potential impact of the age difference driving the stronger paternal age association. Betas are shown in SDs of logeLTL with 95% confidence intervals. Sex 650 

reflects the effect of male sex. 651 



32 
 

 Trait Beta (95% CI) P value Partial R
2
 

Age (years) -0.023 (-0.024 ,  -0.023) <1.0E-314 3.52% 

Sex (ref: Female) -0.170 (-0.176 ,  -0.164) <1.0E-314 0.68% 

WBC  -0.064 (-0.067 ,  -0.061) <1.0E-314 0.37% 

Neutrophil percentage 0.048 (0.030 ,  0.066) 1.92E-07 0.01% 

Lymphocyte percentage 0.009 (-0.007 ,  0.025) 0.291 0.00% 

Basophil percentage -0.003 (-0.006 ,  0.000) 0.075 0.00% 

Eosinophil percentage -0.010 (-0.014 ,  -0.006) 1.30E-05 0.01% 

Monocyte percentage -0.010 (-0.015 ,  -0.004) 1.39E-03 0.00% 

Ethnicity (ref: White) 
 

0.84% 

Mixed 0.126 (0.088 ,  0.164) 8.80E-11 
 

Asian 0.049 (0.028 ,  0.071) 5.07E-06 
 

Black 0.412 (0.387 ,  0.436) 1.41E-245 
 

Chinese 0.359 (0.308 ,  0.411) 2.00E-42 
 

Other 0.185 (0.155 ,  0.216) 2.21E-32   

Table 6. Multivariable model on LTL. Partial R2 is the contribution of the parameter on the total model R2 652 

(estimated as the difference between the full model R2 and the model R2 leaving this parameter out). Total 653 

model R2 is 5.52%. Betas are shown in SDs of logeLTL with 95% confidence intervals. 654 

 655 

 656 

 657 

 658 

 659 

 660 

 661 

 662 
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 664 

 665 

 666 

 667 

 668 
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Figure Legends 670 

Figure 1. DNA sample workflow to derive the final dataset. After removal of study 671 

withdrawals and deliberate duplicate samples there were 488,400 participants for whom we 672 

attempted to measure LTL. Either a valid measurement was obtained or the sample was 673 

attributed to one of three categories of failure after quality control (QC). For the downstream 674 

analyses presented in this paper that related to baseline phenotypes, we removed 1,900 DNA 675 

samples whose LTL was measured in a non-baseline DNA sample or where self-reported sex 676 

and genetic sex did not match. 677 

Figure 2: Distribution of weekly average LTL across duration of the study.  A) The 678 

unadjusted LTL trend over time (and 95% Confidence Interval in grey). B) The adjusted LTL 679 

trend over time (and 95% Confidence I in grey). Adjustments for enzyme, PCR machine, 680 

primer, Operator, temperature, humidity, primer*PCR machine, primer*Operator and 681 

A260/280 were made as described in Methods. The smoothed curve is based on half plate 682 

means, with plotted data points representing overall weekly means. The size of each point 683 

indicates the number of runs that week. There were fewer measurements made after week 684 

175, reflecting the period that sample quality control (QC) and re-measurements took 685 

precedence following QC checks towards the end of the project.  686 

Extended Data Figure 1. Significant technical parameters affecting LTL measurements 687 

based on the stage 1 adjustment. Summary boxplots are shown for the 474, 074 LTL 688 

measurements for each associated parameter: Enzyme batch (A), PCR machine (B), primer 689 

batch (C), operator (D). Individual data points show minimum and maximum measures, the 690 

box represents the lower quartile (bottom), upper quartile (top) and median (internal line). 691 

The upper and lower whiskers extend to a value no further than 1.5 * IQR from the respective 692 

quartile. Linear relationships were seen between LTL and temperature (E) and humidity (F). 693 

For both (E) and (F) a fitted regression line is shown with 95% Confidence Intervals (grey 694 

shading).   695 

Extended Data Figure 2. Significant interactions based on the stage 2 adjustment. A) 696 

LTL by Primer and Operator. B) LTL by primer and PCR machine. PCR machines 5 and 6 697 

were not used at the start of the pilot study (primer batch 1) and machines 7 and 8 were used 698 

from the end of the pilot stage (primer batch 3 onwards). 699 

Extended Data Figure 3. Effect of A260/280 on LTL. The distribution of DNA sample 700 

A260/280 ratios is illustrated in (A). We observed an increase in LTL with very low and very 701 

high A260/280 ratios (B). Data shown is mean LTL (blue0 with 95% Confidence Interval 702 

(grey). 703 

Extended Data Figure 4: Distribution of the coefficients of variation for the repeat 704 
samples. Distribution of CVs after technical adjustment for both the blinded repeats A) 705 

(n=528) and deliberate repeats B) (n=22,615) are shown. The grey dotted line represents the 706 

median coefficient of variation with the shaded region representing the interquartile range. 707 

Extended Data Figure 5. Data on the first and second DNA sample used to estimate 708 
regression dilution ratio. A) Histogram showing that the gap between the two sample 709 

collections has a mean interval of 5.5 years (range: 2-10 years, N=1,312). B) Correlation 710 

between the first and second loge-LTL measure by time, estimated by the difference in years 711 

between the two sample collections and shown with 95% confidence intervals. The blue 712 

circle reflects the correlation estimate (centre) with size reflecting the number of participants 713 

measured each year (exact N shown in brackets). The black line shows the overall pooled 714 
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correlation for all samples and the red dotted lines indicate the 95% confidence interval for 715 

this estimate. 716 

Extended Data Figure 6: Age and sex relationships for participants used to estimate 717 
regression dilution bias. The decline of LTL with age is shown for men (blue) and women 718 

(plum) for both the first (A) and second (B) LTL measurements. The estimated effect sizes 719 

are shown for age (β_Age) and sex (β_Sex) within the figures. 720 

Extended Data Figure 7. Decline of LTL with age. The decline of z-standardized loge-LTL 721 

with age is shown for men (blue) and women (plum) in adjusted data. The y-axis is truncated 722 

at -5SD to +5SD with 166 data points (80 women, 86 men) not shown. A small number of 723 

participants recruited by UK Biobank fall outside of the stated 40-69 age range. 724 

Extended Data Figure 8. Decline in LTL with age by sex. Using stratified regression for 725 

men (blue) and women (plum) for all participants (N=474,074) we considered the non-linear 726 

effect of age within each sex. Here we show the predicted shape in a solid line and the 727 

observed data in a dashed line with 95% confidence intervals. There is significant non-728 

linearity observed for women, where the rate of LTL decline increases as the population ages. 729 

Extended Data Figure 9. Telomere lengths within individual ethnic groups. Data 730 

adjusted for both age and sex are shown in purple for individual observations to indicate the 731 

range and quantity of data alongside a box-plot to show the median (line) and interquartile 732 

range (box) with whiskers extending to a value no further than 1.5 * IQR from the respective 733 

quartile. Box plots of data with additional adjustment for BMI, CRP, HbA1c, smoking status, 734 

alcohol consumption, and measures of physical activity, socioeconomic status and diet are 735 

shown in blue. Ethnicity is self-reported and presented as defined by UK Biobank Data-Field 736 

21000. Note that we shorten “Asian or Asian British” to Asian and “Black or Black British” 737 

to Black. 738 

Extended Data Figure 10. LTL by age in different ethnic groups.  LTL measurements 739 

were adjusted for sex, BMI, CRP, HbA1c, smoking status, alcohol consumption, and 740 

measures of physical activity, socioeconomic status and diet.   741 
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DNA samples received from UK Biobank  
 489,090

Unique DNA samples measured 
 488,400 

UK Biobank withdrawals 
 122

Deliberate duplicates 
 568

No valid LTL measurements
 14,326

Total number of participants 
 with valid LTL measurement 

 474,074

Insufficient 
 DNA 
 7,449

Sample failed QC on first  
 attempt, insufficient DNA 
  for repeat measurement 

 5,230

Sample failed QC on 
 multiple occasions 

 1,647

Final sample 
 472,174

Non−baseline and sex−mismatch 
 1900
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