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Abstract It is well established from previous cross-
sectional studies that telomeres shorten with age. How-
ever, due to a considerable inter-individual variation in
telomere length (TL), its relationship with biological
aging is difficult to unpick. Longitudinal repeated assess-
ments of TL changes within individuals should augment
our understanding of TL dynamics in aging. This study
disentangles within- and inter-individual effects of age on
leukocyte telomere length (LTL) dynamics in a large
population-based cohort of older adults. A total of 4053
subjects aged 50 and older from the WHO Study on
global AGEing and adult health (SAGE) in Shanghai
were studied. Relative LTL (T/S ratio) was measured at
baseline (2009-2010) and follow-up (2017-2018) by
quantitative real-time polymerase chain reaction. We
used linear random slope models to analyze LTL dynam-
ics in relation to age and sex and within-subject centering
method to distinguish within- versus between-subject
effects. We observed LTL shortening in 66.32%, main-
tenance in 11.23%, and elongation in 22.45% of the
study participants. LTL declined significantly with age
both cross-sectionally and longitudinally. More impor-
tantly, the longitudinal decline in LTL was much greater
than the cross-sectional decline (— 0.017 (»p < 0.001)
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versus — 0.002 (p < 0.001) per year). Furthermore, wom-
en had a lower within-subject LTL shortening rate than
men (— 0.014 versus — 0.020 per year, p < 0.001). The
within-individual longitudinal decline in LTL was much
greater than the inter-individual cross-sectional decline,
indicating that chronological age might impose a greater
impact on LTL shortening than other influencing factors
combined. Moreover, women showed a lower within-
individual LTL shortening rate than men.
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Introduction

Telomeres are nucleoprotein complexes at the ends of
eukaryotic chromosomes, comprised of repetitive DNA
sequences (5'-TTAGGG-3') and its binding proteins [1].
Telomeres maintain genome stability by protecting the
ends of chromosomes from damage and degradation [1].
Due to the “end replication problem,” telomeres cannot
be fully replicated by DNA polymerases during somatic
cell division [2, 3]. As a result, telomeres typically
shorten by 50-200 base pairs with each somatic cell
division [4]. When telomere length (TL) reaches a crit-
ical level, cells cannot divide anymore and undergo
senescence or apoptosis [5—7].

It is well established from previous studies that telo-
meres shorten with age. A considerable amount of
cross-sectional studies have shown an age-dependent
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shortening of leukocyte telomere length (LTL) in
humans of 2040 base pairs per year [8]. However, the
cross-sectional design can only infer inter-individual
variation in TL at one time point. There is a large
inter-individual difference in TL at any age cross-sec-
tionally, commencing at birth, and approximately 36—
82% is explained by heritability [9-15]. Besides herita-
bility, sex and ethnicity have also been associated to TL.
Females and African and Hispanic origin tend to have
longer telomeres compared to males and European ori-
gin [16-18]. TL shortening rate is also highly variable
between individuals [19, 20]. Previous research has
suggested that, for a given age, approximately 30% of
the difference in longitudinal age-dependent TL attrition
rate between individuals is heritable [12, 14, 15]. Given
the considerable inter-individual variation in TL, its
relationship with the process of biological aging is dif-
ficult to unpick. For instance, the difference in TL
between individuals at the same age might be due to
different cross-sectional TL at birth, different longitudi-
nal change rate in TL in biological aging afterward, or
both. Hence, longitudinal repeated assessments of TL
which can reflect within-individual change should aug-
ment our understanding of TL dynamics in human ag-
ing. However, such studies remain scarce, and the re-
sults are inconsistent [8, 21]. Moreover, in contrast with
prior cross-sectional studies, some longitudinal studies
on TL found no significant associations of telomere
trajectory with sex or ethnicity [8, 22, 23].

In the present study, we sought to evaluate LTL
dynamics in a large longitudinal population-based co-
hort of Chinese adults aged 50 and older. In particular,
we aimed to disentangle within- and inter-individual
effects of age on LTL change over time. Furthermore,
we tested for sex differences in LTL dynamics through-
out the study.

Material and methods
Study population

Participants were drawn from a large ongoing
population-based cohort study, the WHO Study on
global AGEing and adult health (SAGE) in Shanghai.
Detailed descriptions of SAGE have been previously
described [24]. Briefly, the SAGE is a population rep-
resentative household cohort study in China, Ghana,
India, Mexico, Russian Federation, and South Africa,
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which measured health status and well-being, health
systems coverage and responsiveness, and health care
expenditures. SAGE focuses on adults aged 50 and
older with a smaller cohort of respondents aged 18-49
years included for comparison purposes. Of the 15,050
individuals in SAGE China sample, 1932 were from
Shanghai. We then enlarged the sample size of SAGE
in Shanghai to 9524, to obtain a sub-state representative
sample using the same multistage clustered sampling
method and survey instrument. 99.4% of the SAGE
Shanghai sample are Han Chinese, 0.3% are other races,
and 0.3% have missing information on race. At baseline
(wave 1) from 2009 to 2010, 8629 community dwellers
aged 50 and older were recruited from five districts of
Shanghai, China. Of subjects recruited, 8154 (94.5%)
had LTL measured at wave 1. Among these, 4053
(49.7%) subjects had LTL measured again at wave 3
(2017-2018) and were included in this study. This study
was approved by the Shanghai Center for Disease Con-
trol and Prevention Ethical Review Committee. All
participants provided informed written consent.

Leukocyte telomere length measurements

Relative LTL was measured at both wave 1 and wave 3.
Relative LTL in the DNA extracted from peripheral
blood leukocytes were determined by quantitative real-
time polymerase chain reaction (Q-PCR) [25], with [3-
globin as a single copy reference gene. In short, two Q-
PCRs were undertaken for each sample, a telomere-
specific Q-PCR and a single-copy gene-specific Q-
PCR (f3-globin). Telomere (T) PCR and single copy
gene (S) PCR were always performed in separate 384-
well plates. Two master mixes of PCR reagents were
prepared, one with the T primer pair, and the other one
with the S primer pair. The primer sequences were as
follows: telomere-F: 5'-ACACTAAGGTTTGG
GTTTGGGTTTGGGTTTGGGTTAGTGT-3’; telo-
mere-R: 5-TGTTAGGTATCCCTATCCCTATCCCT
ATCCCTATCCCTAACA-3'"; 3-globin-F: 5-GCTT
CTGACACAACTGTGTTCACTAGC-3"; and (3-glo-
bin-R: 5-CACCAACTT CATCCACGTTCACC-3".
Both T and S had a final reaction volume of 10 pl per
well. The composition shared by the T PCR mix is as
follows: SYBR® Green master mix 5 pl, telomere-F
400 nM 1 pl, telomere-R 400 nM 1 pl, and H,O 2 ul.
The composition shared by the S PCR mix is as follows:
SYBR® Green master mix 5 ul, 3-globin-F 500 nM 1
ul, B-globin-R 500 nM 1 ul, and H,O 2 ul. A high-
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precision automatic pipette workstation of TEasy AP
400 Tiangen biotech (Beijing) Co. Ltd was used for
transferring in a 384-well format plate a volume of
9 ul reaction mix and 1 pl DNA (10 ng/ul). All PCRs
were performed on a 7900HT Fast Real-Time PCR
System (Applied Biosystems). The thermal cycling pro-
file for both amplicons began with a 95 °C incubation
for 15 min; for telomere PCR, there followed 40 cycles
of 95 °C for 15 s, 56 °C for 1 min; and for (3-globin
PCR, there followed 40 cycles of 95 °C for 15 s, 58 °C
for 1 min. At the end of each real-time PCR reaction to
verify the specificity of amplified, a melting curve was
added for both T and S PCR. A fresh standard curve,
from a pooled control samples, ranging from 60 to 0.74
ng/ul (serial dilutions 1:2), was included in every T and
S PCR runs. Each sample was run in duplicate. Quality
control parameters used for the amplifications com-
prised a cut-off of 0.25 for the standard deviation (SD)
of the threshold cycle (Ct) for sample replicates. The
standard deviation of cycle threshold (Ct) value for
duplicate sample was smaller than 0.25. Atan SD above
0.25, the sample was reanalyzed. The correlation coef-
ficient (R?) for the standard curve in each run was larger
than 0.98, and the real-time PCR amplification efficien-
cies were between 90 and 110%. The average of the two
T measurements was divided by the average of the two
S measurements to calculate the average relative telo-
mere length (T/S ratio). All tests were performed by the
same technician in the same laboratory of the Shanghai
Municipal Center for Disease Control and Prevention.
To get a relatively moderate cut point and allow for
possible fluctuations, subjects with LTL change more
than — 5% were grouped as shortened group, between —
5 and 5% as stable group, and more than 5% as elon-
gated group.

Statistical analyses

Since repeated LTL measurements on individuals are
two-level hierarchical data, with LTL measurement oc-
casions at level 1 (j) and individuals at level 2 (i), we
analyzed LTL variation using linear random slope
models with maximum-likelihood estimates. By model-
ing individuals and their longitudinal measurements as
nested random effects, random effects model splits total
variance into between-individual and within-individual
components. A random effect assumes different random
intercepts and slopes for each subject, and this charac-
terizes idiosyncratic variation that is due to individual

differences. In the case of our model here, regression
models were fitted to each individual’s longitudinal
LTL trajectory, resulting in an average model for the
sample (fixed effects) plus individual deviations from
the average model (random effects). Covariates includ-
ed age as the time scale and sex. We formalized our
approach in the following standard random slope model:

TLy; = By + uoi + (B + uii)age; + Brsex; + egy. (1)

The random intercept term ug;, random slope term
uy;, and residual error term e, are assumed to be drawn
from a Gaussian distribution with mean 0 and variance
v 01> and o respectively. Subscripts refer to the
level at which parameters are variable; age is variable
within and between individuals.

To distinguish within- versus between-subject effects,
we used within-subject centering method which involves
subtracting subject’s mean age from each observation age
(age;-age;) [26]. Two new predictor variables were de-
rived to express the within- and between-subject variation
components. The new model with these two new fixed
effects is only slightly different from the standard random
slope model in Eq. (1):

TLy = fy + oy + (B + w) (age,~ager )
+ Bpage; + Bysex; + eoj (2)

and it allows us to test whether either the within-
subject effect (Bw) or the between-subject effect (fg)
is significant. The mean age estimate ($g) in the model
represents between-subject differences, the cross-
sectional slope of the relationship between LTL and
age. The delta age estimate (3y) represents the within-
subject effect of LTL change with age, the longitudinal
slope of LTL change within individuals between wave 1
and wave 3.

To test for potential sex difference in the cross-
sectional (mean age) and longitudinal (delta age) asso-
ciations of LTL with age, we added the interaction terms
sex;¥age; and sex;(age;-age;) in model (2):

TL;; = By + uoi + (Bw + uwi) <age{-/—age,-)
+ ﬁB@ + BZSCX,‘ + ﬁ3sex,-

X (ageg/_agei> + B4sex; X age; + egy (3)

@ Springer



648

GeroScience (2021) 43:645-654

Based on these findings, we then conduct our analy-
ses separately by sex:

TL,‘j = ﬂo + up; + (ﬂw + uw,‘) (ageij—@)

+ Bpage; + eo; (4)

Subject ID and age (for model 1)/delta age (for
models 2-4) were included as random effects. All
models were adjusted for sampling weights. Individual
weights at person level were calculated based on the
selection probability at each stage of selection. Individ-
ual weights were post-stratified by district, sex, and age
groups according to the 2010 population projections of
Shanghai and weight up to the total number of persons
aged 50 and older. Moreover, we used Student’s ¢ test
and one-way ANOVA for continuous variables and
Chi-square test for categorical variables to compare
LTL and LTL changes in different groups. Pearson’s
correlation analysis was used to evaluate the correlations
of LTL change and LTL at wave 3 with baseline LTL.
All analyses were performed in Stata 16.0.

Results

0Of4053 subjects who had LTL measured at both wave 1
and wave 3 with an interval between 7 and 8 years, 1859
(45.87%) were men and 2194 (54.13%) were women.
The subjects ranged in age from 50 to 91 at baseline,
with a mean age of 61. As shown in Table 1, subjects
had a mean relative LTL of 0.80 and 0.67 at wave 1 and
wave 3, respectively. On average, relative LTL short-
ened by 0.13 from wave 1 to wave 3, at a rate of — 0.02
per year. Older age groups had a significantly shorter
LTL at both wave 1 and wave 3 compared with their
younger counterparts (p < 0.01); however, no significant
differences were found in the relative LTL changes
among different age groups (p = 0.32). Compared with
men, women had a significantly shorter LTL at wave 1
(p < 0.01); but due to a lower LTL shortening rate in
women (relative LTL change per year: — 0.02 (men)
versus — 0.01 (women), p<0.01), the difference in LTL
at wave 3 was no longer significant (p = 0.22).
Women’s mean relative LTL is significantly shorter
than men’s at wave 1 in younger age groups (50-59 (p
<0.01), 60-69 (p < 0.01), and 70-79 (p = 0.04)), but
not in the oldest age group (> = 80 (p = 0.14)).
Women’s yearly relative LTL shortening rate is
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significantly lower than men’s (— 0.01 versus —
0.02) in younger age groups (50-59 (p < 0.01) and
60—-69 (p < 0.01)), but not in older age groups (70-79
(»p =0.06) and > =80 (p = 0.17)).

We further grouped the subjects into three groups in
Table 2 according to their relative LTL change within
individuals from wave 1 to wave 3. The majority of our
study subjects (66.32%) had shortened LTL, 11.23%
had stable LTL, while 22.45% had elongated LTL from
wave | to wave 3. No significant difference was ob-
served in the patterns of relative LTL change among
different age groups (p = 0.67). Compared with men,
women had a significantly lower percentage of short-
ened LTL and a higher percentage of elongated LTL (p
< 0.01). Compared with the shortened group, the elon-
gated group had a shorter LTL atwave 1 (p <0.01) buta
longer LTL at wave 3 (p < 0.01). LTL change and LTL
at wave 3 were both significantly correlated with base-
line LTL (Supplementary Figure 1). Individuals with the
longest baseline LTL tended to shorten their LTL the
most and vice versa (r = — 0.61, p < 0.01). The positive
correlation between LTL at wave 1 and LTL at wave 3
was much weaker (r = 0.12, p < 0.01).

As shown in Table 3, relative LTL declined
significantly with age (model 1), at a rate of —
0.006 (p < 0.001) per year. The sex effect is strong-
ly significant; women’s LTL was 0.015 (p = 0.006)
shorter than men’s on average. The subject-specific
slopes did not vary much between individuals (ran-
dom slope SD = 0.001), compared to the variation
in intercepts between individuals (random intercept
SD = 0.164). Model 2 reveals that relative LTL signif-
icantly declined with age both cross-sectionally, com-
paring individuals that differ in age (mean age), and
longitudinally, within individuals at different ages (delta
age). The longitudinal decline rate (within-subject
slope) was much larger than cross-sectional decline rate
(between-subject slope). Older individuals had shorter
LTL, and the slope of this cross-sectional decline ({3 for
mean age) was — 0.002 (p < 0.001) per year. Longitu-
dinal LTL shortening rate (3 for delta age) was much
larger, at — 0.017 (p < 0.001) per year. We next allowed
the effect of age on LTL change to differ for men and
women by adding interaction terms sex;xage; (cross-
sectionally) and sex;x(age;-age;) (longitudinally) in
model 3. The interaction between sex and mean age
was insignificant (3 = 0.000, p = 0.670), indicating that
the cross-sectional effect of age on LTL decline between
individuals did not differ by sex. In contrast, the
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Table 1 Means and standard deviations of relative LTL at wave 1 and wave 3, by sex and age at wave 1

Relative LTL Relative LTL Relative LTL change from Relative LTL change
at wave 1 at wave 3 wave 1 to wave 3 per year
All (n = 4053) 0.80 (0.20) 0.67 (0.23) —0.13 (0.28) —0.02 (0.04)
Sex Men (n = 1859) 0.82 (0.20) 0.66 (0.22) - 0.16 (0.28) - 0.02 (0.04)
Women (1 = 2194) 0.78 (0.20) 0.67 (0.23) —0.10 (0.29) —0.01 (0.04)
P <0.01 0.22 <0.01 <001
Age at wave 1 50-59 (n = 1964) 0.81 (0.20) 0.68 (0.24) -0.12 (0.30) - 0.02 (0.04)
Men (n = 879) 0.83 (0.21) 0.68 (0.22) —0.16 (0.28) - 0.02 (0.04)
Women (1 = 1081) 0.79 (0.20) 0.69 (0.25) -0.10 (0.31) —0.01 (0.04)
P <0.01 0.09 <0.01 <001
60-69 (n = 1357) 0.79 (0.19) 0.65 (0.22) -0.13(0.27) -0.02 (0.03)
Men (n=651) 0.82 (0.20) 0.66 (0.23) - 0.16 (0.28) - 0.02 (0.04)
Women (n = 705) 0.76 (0.19) 0.65 (0.20) —0.11 (0.26) = 0.01 (0.03)
Vs <0.01 0.51 <0.01 <0.01
7079 (n = 645) 0.78 (0.21) 0.65 (0.22) -0.13 (0.29) -0.02 (0.04)
Men (n = 302) 0.80 (0.19) 0.65 (0.21) - 0.16 (0.26) -0.02 (0.03)
Women (1 = 343) 0.77 (0.23) 0.66 (0.22) —-0.11(0.31) —0.01 (0.04)
P 0.04 0.61 0.06 0.06
>80 (n = 87) 0.75 (0.18) 0.67 (0.21) - 0.08 (0.27) = 0.01 (0.04)
Men (1 = 26) 0.79 (0.12) 0.65 (0.17) —0.14 (0.18) -0.02 (0.02)
Women (1 = 61) 0.73 (0.20) 0.67 (0.22) - 0.05 (0.30) = 0.01 (0.04)
P 0.14 0.66 0.19 0.17
P <0.01 <0.01 0.32 0.29

! p value for ¢ test comparing relative LTL across sexes or different age groups

2 p value for # test comparing relative LTL across sexes in one age group

interaction between sex and delta age was highly signif-
icant ($=0.007, p < 0.001), which means the longitudi-
nal effect of age on LTL decline within individuals
differed by sex. We therefore repeated the analysis for
men and women separately (model 4). Compared with
men, women had a lower longitudinal LTL shortening
rate within individuals (— 0.020 (men) versus — 0.014
(women)). Finally, we visualized the sex difference in
model predicted mean LTL in relation to age in Supple-
mentary Figure 2. Men had longer LTL than women
from age 50 to late 70s, whereas due to a lower TL
attrition rate in women, the opposite was observed after
late 70s.

We also stratified our analysis by age group at wave 1
(Table 4). Significant within-subject effects were ob-
served for all age groups (p < 0.001), and the longitudi-
nal LTL decline rates (within-subject slopes) were sim-
ilar across all age groups. However, the between-subject
effect was only significant for age group 60-69 (p =
0.015). The longitudinal decline rate (within-subject

slope) was much larger than cross-sectional decline rate
(between-subject slope) for all age groups.

Discussion

To the best of our knowledge, this is the largest cohort
study so far reporting the longitudinal LTL change in
relation to age and sex and one of few such studies
among Asians. More importantly, in contrast to prior
studies, our study was able to disentangle the within-
individual effect from inter-individual effect of age on
TL dynamics over time, which provides an important
additional dimension to our understanding of TL dy-
namics and aging process. We found that LTL declined
significantly with age both cross-sectionally and longi-
tudinally. The within-individual longitudinal decline
was much greater than the inter-individual cross-sec-
tional decline. Furthermore, women showed a lower
within-individual LTL shortening rate than men.
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Table 2 Patterns of within-individual relative LTL change from wave 1 to wave 3

Shortened group' Stable group' Elongated group' P

N (%)
All 2688 (66.32%) 455 (11.23%) 910 (22.45%) -
Age at wave 1
50-59 1284 (65.38%) 231 (11.76%) 449 (22.86%) 0.67%
60-69 914 (67.35%) 1284 (10.32%) 1284 (22.33%)
70-79 434 (67.29%) 76 (11.78%) 135 (20.93%)
>80 56 (64.37%) 8 (9.20%) 23 (26.44%)
Sex
Men 1309 (70.41%) 197 (10.60%) 353 (18.99%) <0.017
Women 1379 (62.85%) 258 (11.76 %) 557 (25.39%)

Mean (standard deviation)
LTL at wave 1 0.86 (0.20) 0.73 (0.14) 0.65 (0.15) <0.01°
LTL at wave 3 0.59 (0.15) 0.73 (0.14) 0.88 (0.29) <0.01°

!'Subjects with LTL change more than — 5% were grouped as shortened group, between — 5 and 5% as stable group, and more than 5% as

elongated group

2 p value for Chi-square test comparing the differences in distributions of LTL change across age groups and sexes

3 p value for one-way ANOVA comparing the differences in mean LTL at wave 1 and wave 3 across LTL change groups

TL has been increasingly attracting attention as a
potential biomarker of aging. A body of research has
found that TL is generally inversely correlated with
chronological age [21]. TL shortening rate is consider-
ably faster during early stages of life following birth and
development than throughout adulthood [27], which
could be explained by the expansion of the hematopoi-
etic system through replications in tandem with the
growing soma [28]. The majority of prior studies in
telomere biology and aging are cross-sectional in nature,
which makes the interpretation of the data complicated
due to the high inter-individual variability in TL. TL has
been shown to be highly variable among individuals of
the same age in all age ranges assessed [9—15]. At birth,
inter-individual variations in LTL amount to as much as
4 kb; during adulthood the inter-individual variations
might be as wide as or wider than those at birth [29]. The
high inter-individual variability in TL at birth and after-
ward suggests that there might be other influencing
factors besides chronological age, such as genetic, epi-
genetic, environmental, and lifestyle factors [27, 30].
Hence, the cross-sectional TL at a single time point
not only reflects the aging effect but also integrates the
cumulative lifetime burdens of genetic, epigenetic, en-
vironmental, and lifestyle exposures. The considerable
inter-individual variation in TL makes it difficult to fully
appreciate TL dynamics in relation to age without
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knowing other unmeasured confounding factors. Ac-
cordingly, longitudinal evaluation of TL that can access
TL change rate and disentangle the longitudinal within-
individual effect from the cross-sectional inter-individ-
ual effect of age on TL should provide a better under-
standing of TL dynamics in biological aging. The pres-
ent longitudinal study examined the cross-sectional and
longitudinal associations of LTL with age across a wide
range of age in a large cohort. In accordance with a
previous host of cross-sectional studies and a few cohort
studies, we found that LTL declined significantly with
age both cross-sectionally and longitudinally. More im-
portantly, our study showed that the within-individual
longitudinal LTL decline with age was much greater
than the inter-individual cross-sectional decline, indicat-
ing that chronological age might impose a greater im-
pact on LTL shortening than other influencing factors
combined. Although chronological age is the most
broadly used indicator of aging, it is only an indicator
oftime level in the aging process. In addition to time, the
complex process of biological aging is the result of
genetic and environmental factors. As the rate of aging
is not uniform in humans, biological age may vary from
chronological age, due to genetic heterogeneity and the
influence of environmental factors. Biological age is
based on a setting of biological markers, which is a
parameter for evaluating the functional status of
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Table 3 Parameter estimates of the standard random slope Table 3 (continued)
models (model 1) and the random slope model using within-
subject centering (models 2—4) Model terms Estimate SE! P
Model terms Estimate SE' p Delta age -0.014 0.001 < 0.001
Model 1 Mean age —0.002 0.000 0.010
F'O Z - Random effects
lee efiect e 001 0001 Random intercept SD 0.067 0.008
:tercept oo 0000 < o001 Random slope SD? 0.000 0.000
g ' ' <% Residual SD 2 0.206 0.003
Sex -0.015 0.005 0.006
Random effects ! Standard error
Random intercept SD? 0.164 0.043 ? Standard deviation
Random slope SD* 0.001 <0.001 individuals. Therefore, biological age might be a more
Residual SD * 0.198 0.004 optimal indicator in evaluating biological aging than
Model 2 chronological age. Future studies using biological age
Fixed effect instead of chronological age in evaluating the associa-
Intercept 0.886 0.022 <0.001 tion between individual aging and TL shorting are there-
Delta age —-0.017 0.001 <0.001 fore recommended.
Mean age -0.002 0.000 <0.001 Longitudinal studies on TL change within individ-
Sex -0.022 0.005 0.001 uals are only now emerging. Most of these longitudinal
Random effects studies unexpectedly found that 1.5-25% of individuals
Random intercept SD? 0.096 0.021 exhibited telomere elongation over time, which is fun-
Random slope SD? 0.017 0.008 damentally distinct from the findings in cross-sectional
Residual SD 2 0.180 0.022 studies [8, 23, 31-33]. Our study also observed telomere
Model 3 elongation in 22.45% of our participants aged 50 and
Fixed effect older during 78 years of follow-up, which is consistent
Intercept 0.853 0.067 <0.001 with other longitudinal cohorts. The differences in the
Delta age ~0.027 0.002 <0.001 percentages of people who exhibited elongated LTL
Mean age —0.001 0.001 0.169 might be due to different definitions of LTL elongation
Sex ~0.001 0.041 0.990 and follow-up periods in longitudinal studies. The def-
Sex x delta age 0.007 0.001 <0.001 initior.l of LTL.elongation varies from greater than 0 to
Sex x mean age 0.000 0.001 0.670 10% increase in LTL chang.e. Our s‘Fudy defines LTL
elongation as more than 5% increase in LTL change. If
Random effects b his definiti h . ¢
Random intercept SD? 0.103 0.019 “Ie ¢ anf‘thﬁs ¢ Eltéon o 1(;%’ tzez Zg"porltgoggg/
Random slope SD’ 0.019 0.007 clongate ; Nwou N lecre;s:h rom . o -'th'O
Residual SD? 0.173 0,023 in our sample. Nevertheless, both percen ages are within
the range of elongated LTL observed in longitudinal
Model 4 (men) . . . .
; studies in the literature. It still remains unclear what
Fixed effect .. o g .
causes telomere elongation in longitudinal studies. Sev-
Intercept 0.853 0.031 < 0.001 . . . .
eral biological explanations for this phenomenon have
Delta age —0.020 0.001 < 0.001 . . . .
. 0.002 0,000 0.001 been raised, including telomerase-mediated reverse
can age ’ ’ <% transcription, subtelomeric DNA amplification, and
Random e'ffeCts 5 telomeric DNA homologous recombination [34]. An
Random intercept ZSD 0.143 0.018 alternative explanation for telomere elongation is mea-
Ran_dom SlOpf SD 0.031 0.006 surement errors of TL [31, 35]. Namely, the TL mea-
Residual SD 0.098 0.053 surement methods used in epidemiological studies may
Model 4 (women) not be sufficiently reliable in precision. If the coefficient
Fixed effect of variation (CV) for TL measurement methods exceeds
Intercept 0.854 0.027 <0.001 the actual telomere attrition rate, a statistical artifact
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Table 4 Estimates of within- and between-subject slopes stratified by age group at wave 1

Age at wave 1 Delta age Mean age

Estimate SE! P Estimate SE! P
50-59 (n = 1964) —-0.016 0.001 <0.001 —0.002 0.001 0.082
60-69 (n =1357) —0.017 0.001 <0.001 —0.004 0.001 0.015
>=70(n="732) -0.017 0.001 <0.001 0.000 0.002 0.933

!'Standard error

caused by measurement errors might arise [29]. Theo-
retical considerations suggest that prolonged follow-up
periods and large cohorts would attain credible inter-
individual variations in telomere attrition rates [29]. This
notion was supported by a longitudinal study which
found telomere elongation in 14.4% of participants at
5.8-year follow-up, 10.7% at 6.6-year follow-up, and
only 1.5% at 12.4-year follow-up in a young cohort
(aged between 19.9 and 41.5 at baseline) [31]. In con-
trast, another longitudinal study which reported elongat-
ed LTL in 46% of their sample at old age across 20 years
claimed that, with a coefficient of variation from the Q-
PCR analyses ~ 7%, the LTL elongation was likely to be
a biological phenomenon rather than measurement error
[22]. What is more, as with any repeated measurement
of a continuous variable, the possibility of regression to
the mean should be considered, which might contribute
to the correlation between LTL change and baseline
LTL observed in our study. Despite the possible mea-
surement errors, our random slope models did find a
significant within-individual decline in LTL on average.
It is important to bear in mind that our data are limited to
leukocyte samples only and the measurements are rela-
tive values normalized to (3-globin DNA, not actual
telomere lengths. Further research that takes both bio-
logical causes and measurement errors into account is
warranted, to explore why telomere elongation has been
observed in our study and in other longitudinal studies.

Previous studies on sex difference in TL have re-
vealed conflicting results. A vast number of cross-
sectional studies reported that women have longer TL
than men [16, 36, 37]; and most cohort studies reported
a slower rate of TL shortening in women than men [22,
23, 32, 38, 39], with some exceptions that found longer
TL in men than women or no significant difference
across sexes [8, 40]. The biological basis of the sex
difference in TL is not fully understood. It has been
proposed that the longer TL in women compared with

@ Springer

men stems from a slower TL attrition rate, presumably
attributed to higher levels of estrogen [41]. Estrogen
activates telomerase via direct and indirect effects on
the reverse transcriptase subunit (hnTERT) promoter,
which is known to be sufficient to reconstitute telome-
rase activity in vitro [42]. Our study confirms a slower
LTL attrition rate in women than men. However, the sex
differences in LTL at wave 1 and wave 3 contradict
most cross-sectional studies and some cohort studies
that showed longer TL in women than men but are in
line with the Lothian Birth Cohort study and the New-
castle study using Q-PCR assay which also found longer
TL in men than women [40, 43]. Some researchers
proposed that the association between gender and TL
might vary by age [16]. The subjects in our study (50—
91 years with a mean age of 61 at baseline) were
younger than those in the Lothian Birth Cohort study
(70-92 years) [40] but older than those in the Newcastle
study (50 years) [43]. Subjects in other cohort studies
using Q-PCR assay that reported no significant differ-
ence in TL between men and women, such as the BHS
study (19-37 years) [44] and the pSoBid study (35-64
years) [45], were younger than our subjects. A meta-
analysis from 36 cohorts (36,230 participants) with a
wide range of mean ages from 37 to 90 years showed
longer telomeres in women than men [16]. However, the
strength of these associations varied by measurement
method: the summary estimates of effect showed longer
telomeres in females than males only for the TRF South-
emn Blot method, but not for the Q-PCR nor the Flow-
FISH method [16]. This difference cannot be explained
by differential random measurement error but might be
due to method-specific bias [16]. Our model predicted
mean LTL in relation to age for men and women
(Supplementary Figure 2) suggesting a more complex
scenario for the sex difference in TL dynamics. Men had
longer LTL than women from age 50 to late 70s, where-
as due to a slower TL attrition rate in women, the
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opposite was observed after late 70s. Hence, we propose
that the sex difference in TL might depend on the age of
study participants if evaluated cross-sectionally. Further
research covering a wide range of age, especially large-
scale longitudinal studies, with direct comparison of
Southern blot results with Q-PCR or other methods in
the same participants may help to clarify the sex differ-
ences in TL.

Strengths of this study include the longitudinal cohort
design, a large sample size consisting of 4053 subjects, a
wide range of age from 50 to 91 at baseline, and a
relatively long follow-up period between 7 and 8 years
with repeated assessments of LTL. Furthermore, our
study was able to disentangle the within-individual ef-
fect from the inter-individual effect of age on TL dy-
namics over time, which provides an important addi-
tional dimension to our understanding of TL dynamics
and aging process. A potential limitation of our study is
the loss to follow-up bias in longitudinal studies. Com-
pared to subjects with LTL data at both time points (n =
4053), those who dropped out at wave 3 (n=4101) were
3.7 years younger at baseline (p < 0.01), with higher
rates of loss to follow-up in age group 70—79 and over
80. However, they did not have a significant difference
in sex distribution (p = 0.24). Since the relative TLT
change did not differ in different age groups in our
study, we believe it is unlikely that the loss to follow-
up bias would alter our results.

In summary, our data show that LTL declined signif-
icantly with age both cross-sectionally and longitudinal-
ly. More importantly, the within-individual longitudinal
decline was much greater than the inter-individual
cross-sectional decline, indicating that chronological
age might impose a greater impact on LTL shortening
than other influencing factors combined. Furthermore,
women showed a slower within-individual LTL short-
ening rate than men.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s11357-
020-00320-y.
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