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ARTICLE INFO ABSTRACT

Keywords: Telomere attrition is a proposed hallmark of aging. To evaluate the association of telomere length (TL) with
Telomere length chronological age across the human lifespan, we conducted a systematic review and meta-analysis of 414 study
Human

samples comprising 743,019 individuals aged 0-112 years. We examined both cross-sectional and longitudinal
data, and evaluated the impact of various biological and methodological factors including sex, health status,
tissue types, DNA extraction procedures, and TL measurement methods. The pooled corrected correlation be-
tween TL and age from cross-sectional samples was —0.19 (95%CI: —0.22 to —0.15), which weakened with
increased chronological age (f = 0.003, p < 0.001). Z-score change rates of TL across the lifespan showed a
gradual decrease in shortening rate until around age 50 and remained at a relatively stable rate towards the
elderly period. A greater attrition rate was observed in longitudinal than cross-sectional evaluations. For TL
measured in base pairs, the median change rate of TL was —23 bp/year in cross-sectional samples and —38 bp/
year in longitudinal samples. Methodological factors including TL measurement methods and tissue types
impacted the TL-age correlation, while sex or disease status did not. This meta-analysis revealed the non-linear
shortening trend of TL across the human lifespan and provides a reference value for future studies. Results also

Meta-analysis

highlight the importance of methodological considerations when using TL as an aging biomarker.

1. Introduction

Telomeres are nucleoprotein complexes that cap the end of chro-
mosomes, assisting in end replication and protection (Blackburn, 1991).
Telomere attrition occurs over the lifespan in dividing cells due to the
inability of cells to fully replicate DNA ends during cell division. In
addition to natural shortening due to cell division, telomere attrition can
be accelerated through a myriad of internal and external stimuli
(Hastings et al., 2017). Research implicates age-related telomere length
(TL) with a broad range of risk factors that predict disease, disability,
and early death (Arbeev et al., 2020; Haycock et al., 2014; Shalev and
Hastings, 2017). Taken together, telomere attrition has been proposed
as one of the hallmarks of aging that regulates human healthspan (Aviv,
2006; Lopez-Otin et al., 2013).

* Corresponding author.

Studies on TL dynamics in humans have reported decreases in TL as a
function of increased age both in vitro (Harley et al., 1990) and in vivo
(Aubert et al., 2012; Cowell et al., 2021; Frenck et al., 1998; Lapham
et al., 2015; Rufer et al., 1999). Cross-sectional and longitudinal work
suggests that TL shortens most rapidly in the first few years of life, with
the shortening rate slowing in young adulthood and possibly speeding
up or slowing down again at older ages (Aubert et al., 2012; Cowell
etal., 2021; Frenck et al., 1998; Lapham et al., 2015 ). A 2013 systematic
review of leukocyte TL and age using 124 cross-sectional and 5 longi-
tudinal studies reported a significant inverse correlation between TL and
chronological age, but acknowledged that research on the impacts of
specific developmental periods, sex, and other methodological factors
on the correlation between TL and age is sparse (Miiezzinler et al.,
2013). Importantly, the previous work has not explicitly assessed the
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TL-age correlation in children or in tissue types other than leukocytes,
nor has it examined the potential moderating effects of health status or
DNA extraction procedures, which limits our understanding of TL dy-
namics across the lifespan.

TL may be impacted by unfavorable exposures or diseases, but
whether health status modulates the rate of telomere loss is unclear.
Multiple studies have found that patients with certain conditions, such
as Parkinson’s disease (Martin-Ruiz et al., 2020), Type 2 diabetes
(AlDehaini et al., 2020), multiple sclerosis (Biihring et al., 2021),
HIV-infection (Paghera et al., 2019), and stress-related mental disorders
(i.e., depression, anxiety, post-traumatic stress disorder [PTSD]) (Pousa
etal., 2021) have shorter TL than healthy controls. Moreover, shorter TL
has been linked with increased risk of cardiovascular diseases (CVDs)
(Weischer et al., 2012), certain cancers (Ma et al., 2011; Wentzensen
et al.,, 2011), and more recently, severe COVID-19 (Anderson et al.,
2022; Aviv, 2021). Possible mechanisms underlying the association
between TL and disease status may include, as example, elevated levels
of oxidative stress and inflammation, mitochondrial dysfunction (Pousa
et al., 2021), increased tissue mitosis (Weischer et al., 2012), and DNA
damage response (Rossiello et al., 2022). Although several systematic
reviews have summarized the relationship between TL and specific
diseases (Haycock et al., 2014; Li et al., 2018; Lin et al., 2016; Pousa
et al., 2021; Schutte and Malouff, 2015; Zhang et al., 2017), these re-
views restricted analyses to differences in TL between patients and
controls rather than the rate of TL change within disease states.

Methodological factors can further contribute to variation in
measured TL. To improve the reliability of TL assays, researchers have
made efforts to optimize measurement methods and standardize
reporting guidelines (Hastings et al., 2021; Lindrose et al., 2021; Mori-
nha et al., 2020). There are several methods available to measure
average TL across a mixture of cells (often reported as either length
relative to a known single-copy gene or as an absolute length in kilo-
bases), including Southern blot, quantitative polymerase chain reaction
(qPCR), and fluorescence in-situ hybridization (FISH). Each method has
its advantages and disadvantages, which have been reviewed elsewhere
(Lai et al., 2018). In addition, tissue type can play a role in the observed
variation in TL values. Although TL is correlated across different tissues
within individuals, the difference in TL across tissues can still be rela-
tively large (Daniali et al., 2013; Demanelis et al., 2020; Lin et al., 2019).
Further variation can be introduced during DNA extraction as the size
and quality of extracted DNA can vary based on each extraction kit’s
specific protocols (Lin et al., 2019). Research investigating how these
methodological factors moderate the relationship between TL and
chronological age is limited.

To address these gaps, we conducted a systematic review and meta-
analysis on the relationship between TL and chronological age. We
aimed to determine the TL-age correlation in different developmental
periods across the life course, and to examine potential differences by
sex and health status. In addition, we extended our review to compare
the TL-age correlation across different tissue types, DNA extraction
procedures, and TL measurement methods, which can provide impor-
tant context for optimizing future study designs and TL measurements.

2. Methods

The research protocol, data extraction guideline and template of this
review were registered via Open Science Framework prior to data
extraction (https://osf.io/chxs7/?view_only=7dcd0706906d4addb10e
30567d79d241). The protocol was modified in terms of inclusion and
exclusion criteria during the data extraction process to increase the
feasibility of this review. This review adheres to the guidelines of Meta-
analysis Of Observational Studies in Epidemiology (MOOSE).

2.1. Scope of review

The scope of this review included any original research articles that
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either reported age-related telomere attrition or correlation between TL
and chronological age. Both longitudinal and cross-sectional studies
reporting relevant statistics were included. We included study samples
from the general population, healthy individuals, or patients with any of
the following three categories of diseases: CVDs, cancers, and stress-
related mental disorders (i.e., depression, anxiety, PTSD). The disease
scope was based on the rationale that CVDs, cancers, and mental dis-
orders were highly prevalent in the population, and they were all re-
ported to be associated with changes in TL compared with healthy
controls (Haycock et al., 2014; Pousa et al., 2021; Zhang et al., 2017).
The selection of tissues included the most common tissue types in the TL
literature, including blood leukocytes, peripheral blood mononuclear
cells (PBMC), dried blood spots (DBS), saliva, and buccal cells. Likewise,
the TL measurement covered the most common methods, including
Southern blot, qPCR, qFISH, and flow-FISH.

2.2. Search strategy

PubMed and Web of Science databases were used to search publi-
cations with a combination of the following keywords: (“telomere
decay”) OR (“telomere shortening”) OR (“telomere erosion”) OR
(“telomere attrition™) OR (“telomere change”) OR ((“age”) AND (“telo-
mere length”)) OR (“telomere dynamics”). Search results from the
database inception until December 31st, 2021 were collected for
screening. No search software was used. One reviewer (Q.Y.) performed
all searches. Reference lists of obtained articles were not searched for
additional data. Articles published in languages other than English were
not included in this review. Non-peer reviewed articles and retracted
articles were also excluded.

2.3. Eligibility criteria

Duplicated publications were removed, and the remaining articles
were screened based on the following exclusion criteria: 1) non-English
articles; 2) not electronically available; 3) not original research articles
(i.e., review articles, commentaries, perspectives, case reports, hypoth-
eses, study protocols, abstract collections, or published errata); 4) non-
peer reviewed or retracted articles; 5) non-human, in vitro, or in silico
studies; 6) not within the review scope of disease, tissue types, or TL
measurement methods; 7) twin studies; 8) studies of pregnant women;
9) studies of TL only in newborns, given the lack of age variation; 10)
studies that did not measure TL or did not include TL data in the anal-
ysis; 11) longitudinal studies of patients who received intervention over
a period of time; 12) studies without summary statistics of age or
required statistics to obtain the correlation of TL and age or TL yearly
change rate; 13) studies that only reported Spearman’s or Kendall’s
correlation; 14) linear regression of TL on age adjusted for other factors;
and 15) studies that reported the correlation based on log-transformed
TL. For studies using the same sample or cohort, the statistics from the
study with the larger sample size was included, while other studies were
excluded. For articles that did not report required statistics, the authors
of the articles were contacted (k = 349).

The UK Biobank, the largest known cohort with TL data, was also
included in our analyses (Codd et al., 2022). Although this study was
published in a peer-review journal after Dec. 31st, 2021, considering its
large sample size (N = 472,174), we extracted this study’s correlation
data and presented meta-analysis results with and without the UK Bio-
bank data.

2.4. Data extraction

Data from all eligible studies were extracted by one reviewer (Q.Y.).
A second reviewer (A.A.) independently checked the extracted data.
Unresolved disagreements were made by a third reviewer (I.S.). Detailed
items for data extraction can be found on the Open Science Framework.
Extracted data items included sample size, summary statistics (mean,
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median, standard deviation, range) of age and TL, number of males and
females, tissue type used for TL measurement (blood leukocytes, PBMCs,
DBS, saliva, or buccal cells), DNA extraction kit, TL measurement
method (Southern blot, qPCR, qFISH, or flow FISH), Pearson’s correla-
tion coefficient or univariate linear regression slope from cross-sectional
studies, and yearly TL change rate from longitudinal studies. For DNA
extraction kits, corresponding DNA extraction procedures were searched
and used for further analyses. Detailed information on DNA extraction
procedures is provided in Table S1.

Population-based studies not excluding individuals with certain
health conditions were included as samples of the general population.
Samples with exclusively healthy participants were included as samples
of healthy individuals. Healthy participants were defined if the article
explicitly reported that participants were healthy. Samples of partici-
pants with comorbidities in addition to the disease of interest were
included with other samples of such disease.

2.5. Statistical analysis

Each paper was defined as one “study” throughout this systematic
review report. The smallest unit of our analysis was “sample” because
some studies included multiple samples. One sample corresponded to
one effect size. Cross-sectional and longitudinal samples were analyzed
separately. Descriptive analysis was conducted to summarize the
numbers of samples, the number of subjects, the covered age range, and
the follow-up duration. All analyses were conducted using R software
(version 4.1.1). Two tailed p-values less than 0.05 were considered
statistically significant.

2.5.1. Statistical analysis of cross-sectional samples

Cross-sectional studies usually reported Pearson’s correlation be-
tween TL and age, and/or unstandardized or standardized univariate
linear regression slope. If only one statistic was reported, the other two
were calculated using the following formula:

Suge

b
SrL

r=p=

where, r is the Pearson’s correlation coefficient; # and b are the stan-
dardized and unstandardized univariate linear regression slopes,
respectively; Sqg and Sy, are the standard deviations (SD) of age and TL,
respectively.

Since different samples had different age ranges, the TL-age corre-
lation coefficient from each sample were corrected to reduce the noise
caused by the heterogeneity of age range across samples using the
following formula (Harrer et al., 2021; Hunter et al., 2006):

Sunrestrirted
U=———

Sre.x tricted

Uxr
(vr=1)rr+1

Fe =
where, Syesriceed i the reported SD of restricted age of each sample;
Sunrestricted 18 the SD of unrestricted age; r is the reported TL-age corre-
lation in the original sample; and r. is the TL-age correlation corrected
for age-range restriction. The SD of unrestricted age was set as 5 years to
limit the theoretical age range width of a sample at around 18 years,
close to the age range width of the youngest age group in our meta-
analysis. For a normal distribution, a sample with a SD of age of 5
years would theoretically have a width of 95% age range of 19.7 years,
whereas for a uniform distribution, a sample with a SD of age of 5 years
would theoretically have a width of age range of 17.3 years.

Correlations were further transformed to Fisher’s z for effect size
pooling using the following formula:
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where, z is Fisher’s z, and r is the correlation.
The standard error of Fisher’s z was obtained using the following
formula:
1

n—

SE, =

(95}

where, n is the sample size.

Meta-analyses (i.e., effect size pooling and meta-regression) were
conducted using the ‘metafor’ package in R (Viechtbauer, 2010). Due to
the expected between-study heterogeneity and the dependencies of ef-
fect sizes within each study, three-level mixed effect models were
employed to pool the correlations from cross-sectional samples using a
Restricted Maximum Likelihood (REML) procedure. Uncorrected and
corrected correlations were analyzed separately. Caterpillar plots were
drawn using individual effect sizes as well as pooled effect sizes. The
difference in fits (DFFITS) value, the Cook’s distance, and the hat value
were computed for each sample and used as model diagnostic metrics to
identify potential outliers and influential cases. Specifically, the DFFITS
value indicates how much the pooled effect size changes when one of the
samples is removed. Cook’s distance value is similar to DFFITS value,
indicating the squared difference in pooled effect size when one of the
samples is removed. The hat value is equivalent to sample weight. A
sample would be regarded an influential case if one of the following
conditions was fulfilled (Harrer et al., 2021):

1
DFFITS > 34| —
k—1

Cook's distance > 0.45
hat >3 !
a Z
k

where, k is the number of samples.

Meta-regression analyses were conducted to examine the moderation
effects of age, sex, health status, tissue types, DNA extraction proced-
ures, and TL measurement methods. Age was tested as both a continuous
and a categorical variable. Specifically, when age was treated as a
continuous variable, the age center (mean, median, or midrange) was
included in the meta-regression models. When age was treated as a
categorical variable, study samples were categorized into two (children
[<18 years], adults [>18 years]) or three age groups (children [<18
years], young and middle-aged adults [>18 to <70 years], elderly adults
[> 70 years]) based on the age range of the sample. Multiple compari-
sons in post-hoc analysis were adjusted using the Benjamini & Hochberg
method. Between-study and between-sample heterogeneity was
assessed using I? (the percent of variability in effect sizes not due to
sampling error) and 95% Prediction Interval (P, the range where effects
of future studies are expected to fall on, considering both the standard
error of the pooled effect size and the between-study and between-
sample heterogeneity variance). Potential publication bias was
assessed using a funnel plot and Egger’s regression test.

TL change rate in base pairs per year (bp/year) was derived from the
linear regression slope for TL measured in absolute unit (i.e., kb).

TL z-score yearly change rate was calculated for TL measured in
either relative (e.g., T/S ratio) or absolute unit (i.e., kb) using the
following formula:

ATL, =

age

where, r is the uncorrected TL-age correlation, and Sqg is the SD of age of
each study sample.

Time-varying effect  modeling (TVEM) (Lanza and



Q. Yeetal

Linden-Carmichael, 2021) was used to fit the change trend of TL-age
correlation and TL z-score change rate across chronological ages. In
TVEM models, correlations or z-score from different study samples were
equally weighted. The following TVEM model equations were
employed:

ra = po(age;) + e
ATL, = p(age;) + e

where, r; is the corrected correlation of sample i, ATL,; is the TL z-score
yearly change rate of sample i, §, (age;) is an intercept term that changes
as a nonparametric function of age center, and ¢; is the residual error.

2.5.2. Statistical analysis of longitudinal samples

For longitudinal samples, yearly TL change rate was derived from
one of three ways: 1) mean or median of individual differences of TL at
two time points divided by the follow-up duration; 2) difference of
means or medians of TL at two time points divided by the follow-up
duration; 3) coefficient of age in a linear mixed effect model. TL z-
score yearly change rate was calculated using the following formula:

ATL, = TLy ~TLy
C (b —1)S

where, TL;; and TL; are the means of measured TL at follow-up and
baseline; t; —t; represents the time difference in years between the
follow-up and baseline measurement; S;; is the SD of measured TL at
baseline.

3. Results
3.1. Overview of studies, samples, and subjects

The literature search and screening process is illustrated in Fig. 1. In
total, 236 studies comprising 341 samples across 720,078 subjects were
included as cross-sectional samples, and 46 studies comprising 73
samples across 22,941 subjects were included as longitudinal samples.
The age ranged from 0-112 years for cross-sectional samples, and 0-97
years for longitudinal samples (median follow-up duration: 7 years).
Among included samples, qPCR (72.7%) and blood leukocytes (76.8%)
were the most common TL measurement method and tissue type,
respectively. Descriptive statistics of all samples are shown in Table 1.
The final extracted dataset used for analyses is reported in Supplemen-
tary Data File 1.

3.2. Findings from cross-sectional samples

For the sections below, we note that TL and age is inversely corre-
lated, so “stronger correlations” means “more negative” estimates of the
values and “weaker correlation” means “less negative or more positive”
estimates of the values.

3.2.1. Pooled correlation of cross-sectional samples

Pearson’s correlations between TL and age were extracted as effect
sizes and corrected for age range restriction. We corrected the TL-age
correlations based on a SD of unrestricted age of 5 years to limit the
theoretical age range width of a sample at around 18 years (see Methods
Section 2.5.1). The pooled raw TL-age correlation was —0.23 (95% CI:
—0.26 to —0.20). Between-study and between-sample heterogeneity was
substantial, with total I? statistic of 98.4%. The 95% PI was —0.59 to
0.22. After correcting for age range restriction, the pooled corrected
correlation reduced to —0.17 (95% CI: —0.21 to —0.12), with I? statistic
of 99.0%, and 95% PI of —0.67 to 0.45. The caterpillar plot of the cor-
rected correlations is shown in Fig. S1. To further examine the impact of
age range restriction correction, a sensitivity analysis of the pooled
corrected correlation was conducted by changing the SD of unrestricted
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age (Fig. S2). As the SD of unrestricted age increased, the pooled cor-
rected correlation became more negative, meaning, the TL-age corre-
lation became stronger when age-range increased. The corrected
correlations were used to test the moderation effect of biological and
methodological factors.

To examine the influence of outliers, DFFITS values, Cook’s dis-
tances, and hat values were used as criteria for identifying influential
cases among the cross-sectional samples. Two samples (Nelson et al.,
2020; Osler et al., 2016) were identified as influential cases based on
DFFITS values (Fig. S3). After excluding the two samples, the pooled
corrected correlation increased to —0.19 (95% CI, —0.22 to —0.15,
Fig. 2), with 12 statistic of 98.6%, and 95% PI of —0.62 to 0.34. The
moderation effects reported below were based on samples without the
influential cases.

3.2.2. Moderation effect of age

The TL-age correlation at different developmental periods was
examined by including chronological age as a variable in meta-
regression. Age had a significant moderation effect on the corrected
TL-age correlation. Specifically, the correlation weakened with
increased chronological age across the life course (f = 0.003, p < 0.001,
Table 2). When separating study samples into two age groups (children:
<18 years; adults: >18 years), the correlation in adults was significantly
weaker compared with children (f =0.337, p < 0.001). When sepa-
rating study samples into three age groups (children: <18 years; young
and middle-aged adults: >18 to <70 years; elderly adults: >70 years),
the correlation was not significantly different between the elderly adults
and the young and middle-aged adults (p = —0.010, p = 0.916). Ex-
amination of the effect of age using TVEM demonstrated that the TL-age
correlation became gradually weaker from age 0-50 and remained
relatively weak at older ages, though there were large variations in both
younger and older ages (Fig. 3). The moderation effects of sex, health
status, and methodological factors reported below were adjusted for age.

3.2.3. Moderation effect of sex

Sex did not significantly impact the TL-age correlation (Table 2).
Study samples including exclusively females had comparable correla-
tions with those including only males. Most samples (k = 199) included
both males and females in their analyses. Compared with samples
including only males or females, samples including both sexes did not
have significantly different TL-age correlations (Table S2). The pooled
corrected correlation for samples including only males was —0.20 (95%
CI: —0.31 to —0.08), and for samples including only females was —0.16
(95% CI: —0.26 to —0.07, Fig. 4).

3.2.4. Moderation effect of health status

Study samples were grouped into five categories based on the re-
ported health status of the participants. The categories were: healthy
individuals, general population, patients with CVDs, patients with can-
cers, and patients with stress-related disorders (see Methods 2.1-2.4
section for details on inclusion criteria and data extraction). Study
samples with participants recruited from the population regardless of
health status were treated as samples of general population. The TL-age
correlation was stronger in the general population than in healthy in-
dividuals ( = —0.095, p = 0.031, Table 2), though it was not significant
after adjusting for multiple comparisons in post-hoc analyses (Table S2).
CVDs, cancer and stress-related disorders did not significantly moderate
the TL-age correlation. The pooled corrected correlations stratified by
health status is shown in Fig. 4.

3.2.5. Moderation effect of methodological factors

TL measurement method and tissue type significantly moderated the
correlation between TL and age (Table 2). For TL measurement method,
the TL-age correlation was stronger for TL measured using qFISH than
Southern blot (p = —0.280, p = 0.047), though the moderation effect
was not significant in post-hoc pairwise comparisons (Table S2). For
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7215 papers from PubMed
7942 papers from Web of science

11620 papers excluded through title and abstract screening:

5314 duplicated search results

133 non-English articles

30 not electronically available

9 retracted articles

5 not peer-reviewed articles

2918 review articles/ comments/ perspectives/
editorials/ response to comments

30 hypotheses

24 study protocols/ experiment protocols/ practice
guideline

30 published errata/corrections

111 book chapters

620 abstract collection/ meeting abstracts/ meeting
reports/ highlights of conferences/ proceeding papers
5 personal profiles/news items/ notes

2 data papers

59 case reports

2 software development

1253 non-human studies

1020 in vitro studies

11 ex vivo studies

44 in silico studies

3537 papers remained

2298 papers excluded through either title and
abstract or full text screening:

1457 disease not within the review scope

704 tissue/cell type not within the review scope
33 TL measurement method not within the
review scope

57 twin studies

16 studies of pregnant women

31 studies of TL in newborns

1239 papers remained

960 papers excluded through full text screening:

225 did not measure TL

35 did not include TL data in the analysis

12 did not report summary statistics of age
24 only reported Spearman’s correlation

2 only reported Kendall’s correlation

20 linear regression adjusted for other factors
3 longitudinal studies of cancer patients who
received intervention over a period of time
427 repeated studies of the same sample
203 did not report required statistics to obtain
Pearson’s correlation or TL yearly change rate
9 correlation based on log-transformed TL

279 papers included
in analysis for this review

/\

233 papers only reported 2 papers reported both 44 papers only reported
cross-sectional data cross-sectional and longitudinal data
longitudinal data

Fig. 1. Flowchart of the paper screening process. The paper using the UK biobank cohort (Codd et al., 2022) was included in a later process.
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Table 1

Descriptive statistics of all the study samples.

Ageing Research Reviews 90 (2023) 102031

Study design

Cross-sectional

Cross-sectional

Longitudinal

Longitudinal

Available statistics
Number of study samples
Number of subjects
Number of males
Number of females
Age range (years)
Follow-up duration (years)*
Sex included’
Only males
Only females
Both males and females
Not reported
Health status’
Healthy
General population
CVDs
Cancer
Depression/Anxiety/PTSD
TL measurement method'
Southern blot
qPCR
qFISH
Flow FISH
Tissue type used for TL measurement’
Blood leukocytes
Dry blood spots
PBMCs
Saliva
Buccal cells
DNA extraction procedure’
Salting out
Silica membrane column
Magnetic bead
Phenol-chloroform
Anion exchange
Not reported

Correlation available

341
720,078
335,093
383,418

0-112
/

43 (12.6%)
48 (14.1%)

233 (68.3%)
17 (5.0%)

141 (41.4%)
112 (32.8%)
25 (7.3%)
51 (15.0%)
12 (3.5%)

76 (22.3%)
248 (72.7%)
12 (3.5%)
5 (1.5%)

262 (76.8%)
4 (1.2%)
50 (14.7%)
14 (4.1%)
11 (3.2%)

65 (19.1%)

90 (26.4%)
15 (4.4%)
18 (5.3%)
1 (0.3%)

152 (44.6%)

Corrected correlation available

286
626,744
293,070
333,168

0-112
/

38 (13.3%)

39 (13.6%)

200 (69.9%)
9 (3.2%)

121 (42.3%)
93 (32.5%)
24 (8.4%)

36 (12.6%)
12 (4.2%)

56 (19.6%)
216 (75.5%)
9 (3.2%)
5 (1.8%)

222 (77.6%)
4 (1.4%)
37 (12.9%)
14 (4.9%)
9 (3.2%)

59 (20.6%)

76 (26.6%)
14 (4.9%)
14 (4.9%)
1 (0.4%)

122 (42.7%)

TL yearly change rate available
73
22,941
10,820
11,560
0-97
7 (1-41)

17 (23.3%)

16 (21.9%)

38 (52.0%)
2 (2.7%)

16 (21.9%)
53 (72.6%)
1 (1.4%)
1 (1.4%)
2 (2.7%)

23 (31.5%)
50 (68.5%)
0 (0%)

0 (0%)

47 (64.4%)
2 (2.7%)
16 (21.9%)
7 (9.6%)
1 (1.4%)

23 (31.5%)
32 (43.8%)
1 (1.4%)
1 (1.4%)
0 (0%)
16 (21.9%)

TL yearly z-score change rate available

49
20,276
9743
10,529
0-94
6 (1-41)

9 (18.4%)
8 (16.3%)

31 (63.3%)
1 (2.0%)

12 (24.5%)
33 (67.4%)
1 (2.0%)
1 (2.0%)
2 (4.1%)

11 (22.4%)
38 (77.6%)
0 (0%)

0 (0%)

38 (77.6%)
0 (0%)
3(6.1%)
7 (14.3%)
1 (2.0%)

21 (42.9%)
12 (24.5%)
1 (2.0%)
1 (2.0%)
0 (0%)
14 (28.6%)

CVD, cardiovascular disease; PTSD, post-traumatic stress disorder; qPCR, quantitative polymerase chain reaction; qFISH, quantitative fluorescence in situ hybridi-

zation; PBMC, peripheral blood mononuclear cells.
f Data are presented as number of study samples (percentage)
i Data are presented as median (range)

tissue type, the TL-age correlation was stronger in dry blood spots (DBS,
f = —0.280, p = 0.047) and buccal cells (p = —0.204, p = 0.049) than
in blood leukocytes (Table 2), which was reduced to non-significance in
post-hoc analyses (Table S2). In addition, the TL-age correlation was
weaker in saliva than in DBS or buccal cells (Table S2). No significant
moderation effect of DNA extraction procedures was found for the TL-
age correlation after excluding the two influential cases. The pooled
correlations stratified by methodological factors are presented in Fig. S4.

3.2.6. TL yearly change rate in base pairs and z-score

TL change rate in base pairs per year (bp/year) was derived from the
linear regression slope for TL measured in base pairs. For the 87 cross-
sectional samples that reported TL in base pairs, the median TL
change rate was — 23 bp/year (range, —170 to 46 bp/year; interquartile
range [IQR], —42 to —15 bp/year, Table 3).

TL yearly change rate in z-score (ATL,) was calculated for 284 cross-
sectional study samples (excluding influential cases) using the uncor-
rected correlation and SD of age for each sample. The median ATL, was
—0.02 per year (range, —0.57 to 0.07; IQR, —0.04 to —0.01). The dis-
tribution of ATL, of the cross-sectional samples is reported in Fig. S5(A).
Descriptive statistics of ATL, stratified by TL measurement method, sex,
health status, tissue type, and DNA extraction procedures can be found
in Table S3-S7, where the median ATL, of cross-sectional samples
remained relatively stable across different categories. When stratified by
TL measurement method, median ATL, was similar between Southern
blot and qPCR, but slightly larger in samples using qFISH and flow-FISH
(Table S5). The change of ATL, across age (Fig. S6) followed a similar

trend as the change of the corrected TL-age correlation (Fig. 3).

3.2.7. Sensitivity analyses excluding the UK Biobank

The UK Biobank (Codd et al., 2022), the largest known cohort with
TL data (N = 472,174), was included in our main analyses. To examine
the potential impact of the UK Biobank cohort we conducted sensitivity
analyses by excluding this sample. The pooled correlations (without the
UK biobank and the two influential cases) remained similar (pooled
uncorrected correlation: —0.23, 95% CI: —0.26 to —0.20; pooled cor-
rected correlation: —0.19, 95% CI: —0.22 to —0.15). Likewise, the
moderation effect of age, sex, health status, and methodological factors
remained similar after excluding the UK biobank cohort (Table S8).

3.2.8. Publication bias

Egger’s regression test of the funnel plot (Fig. S7) did not indicate
significant asymmetry (z = 0.943, p = 0.346), indicating that no pub-
lication bias due to small-study effects was detected.

3.3. Findings from longitudinal samples

Among the 49 longitudinal samples with TL yearly z-score change
rate (ATL,) available, ATL, ranged from —0.74 to 0.36 per year, with a
median of —0.06 and an IQR of —0.19 to —0.03. When compared with
the ATL, from cross-sectional samples, longitudinal samples had more
negatively shifted values, meaning, TL shortening rate was generally
reported to be faster based on longitudinal results than based on cross-
sectional results. The distribution of the ATL, from longitudinal sam-
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Fig. 2. Caterpillar plot of corrected correlations from cross-sectional
samples. The black dots and the gray horizontal lines are effect sizes and
95% confidence intervals from individual samples. The black diamond is the
pooled correlation. The two influential cases were excluded from this plot.
Correlations were corrected for the age range restriction to reduce the noise
caused by the heterogeneity of age range across different samples.

ples is shown in Fig. S5(B).

The median ATL, was similar between male and female samples
(Table S3), and across different TL measurement methods (Table S5).
The median ATL, was more negative in samples of healthy individuals
(—0.19 per year) than in samples of the general population (—0.04 per
year) and patients with CVD (—0.06 per year) or cancer (—0.04 per year,
Table S4). The median ATL, also varied across different tissue types;
PBMC samples had the most negative median ATL, (—0.26 per year),
followed by buccal cells (—0.23 per year), saliva (—0.15 per year) and
blood leukocytes (—0.05 per year, Table S6). When stratified by DNA
extraction procedures, the median ATL, was similar between salting out
and silica membrane column procedures, but smaller in magnitude for
phenol-chloroform and larger for magnetic bead procedures (Table S7).
These latter results could be confounded by the limited number of lon-
gitudinal samples and the non-linear shortening trend of TL across the
lifespan.

For TL measured using Southern blot, the TL yearly change rate in bp
ranged from —2900 to 740 bp/year, with a median of —27 bp/year and
an IQR of —40 to —14 bp/year. For TL measured in kb using qPCR, the
median TL yearly change rate was —67 bp/year, with a range of —150 to
44 bp/year and an IQR of —75 to —58 bp/year (Table 3). Results
remained similar after excluding longitudinal samples with follow-up
duration less than 5 years (Table S9). The change trend of TL in kb
measured by Southern blot and qPCR across different ages is presented
as a line plot in Fig. 5, with TL decreasing with increased age from 0 to
100 years.

4. Discussion

This systematic review and meta-analysis investigated the dynamics
of TL across the human lifespan. We examined the moderation effect of

Ageing Research Reviews 90 (2023) 102031

Table 2

Meta-regression examining the moderation effects of biological and methodo-
logical factors on the corrected correlation between telomere length and chro-
nological age in cross-sectional samples excluding the two influential cases.

Moderator N of B 95% CI P value
samples estimate
Age center 284 0.003 0.002 to <0.001*
0.005
Age group
Children (<18 years) 21 Reference
Adults (>18 years) 212 0.337 0.204 to <0.001*
0.471
Sex'
Only male 37 Reference
Only female 39 0.023 -0.098 to 0.711
0.144
Both males and 199 -0.003 -0.109 to 0.950
females 0.102
Health status’
Healthy 120 Reference
General population 92 -0.095 -0.181 to 0.031*
-0.009
CVDs 24 0.010 -0.119 to 0.883
0.138
Cancer 36 0.009 -0.123 to 0.897
0.140
Depression/Anxiety/ 12 0.044 -0.130 to 0.620
PTSD 0.219
TL measurement
method*
Southern blot 56 Reference
qPCR 214 0.030 -0.072 to 0.559
0.132
qFISH 9 -0.280 -0.557 to 0.047*
-0.004
Flow FISH 5 -0.135 -0.429 to 0.367
0.159
Tissue typei
Blood leukocytes 221 Reference
Dry blood spots 4 -0.280 -0.557 to 0.047*
-0.004
PBMCs 37 0.055 -0.059 to 0.343
0.169
Saliva 13 0.151 -0.025 to 0.093
0.327
Buccal cells 9 -0.204 -0.406 to 0.049*
-0.001
DNA extraction
procedure?
Salting out 59 Reference
Silica membrane 76 0.065 -0.065 to 0.324
column 0.194
Magnetic bead 12 0.129 -0.104 to 0.275
0.362
Phenol-chloroform 14 0.086 -0.157 to 0.485
0.330
Anion exchange 1 0.161 -0.480 to 0.621
0.801

CVD, cardiovascular disease; PTSD, post-traumatic stress disorder; qPCR,
quantitative polymerase chain reaction; qFISH, quantitative fluorescence in situ
hybridization; PBMC, peripheral blood mononuclear cells; CI, confidence in-
terval. Correlations were corrected for the age range restriction to reduce the
noise caused by the heterogeneity of age range across different samples.
Meta-regression models were controlled for age center.

Meta-regression models were controlled for age center and sex.

*p < 0.05

age, sex, health status, TL measurement methods, tissue type, and DNA
extraction procedures based on meta data from published cross-
sectional and longitudinal studies. Results provide a comprehensive
overview of the TL-age correlation in humans and highlights methodo-
logical considerations when using TL as an aging biomarker. As ex-
pected, TL decreased with advancing chronological age, albeit in a non-
linear fashion. Based on 341 cross-sectional study samples including
720,078 subjects, and for populations with a SD of age of 5 years, the
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Fig. 3. Change trend of corrected correlations across age fitted by a time-varying effect model in cross-sectional samples.The solid black line is the point
estimate. The dashed lines are the boundaries of the 95% confidence interval. The two influential cases were excluded from this plot. Correlations were corrected for
the age range restriction to reduce the noise caused by the heterogeneity of age range across different samples.

pooled corrected correlation was —0.19 (95% CI: —0.22 to —0.15),
which was similar to the correlation reported in the UK biobank sample
(—0.185, without technical adjustment; —0.195, adjusted for technical
parameters in TL measurement) (Codd et al., 2022). For TL measured in
base pairs, the median change rate of TL was —23bp/year in
cross-sectional samples and —38 bp/year in longitudinal samples.

In addition to demonstrating the negative TL-age correlation, we
found that the strength of the correlation varied by developmental pe-
riods across the life course. The finding that TL-age correlation was
weaker in adults (r = —0.15) than in children (r = —0.41) indicates that
age is a less dominant factor in explaining the TL attrition as individuals
get older. The cross-sectional changes in z score and the longitudinal
changes in base pairs across the lifespan are consistent with findings
from previous studies (Aubert et al., 2012; Cowell et al., 2021; Frenck
et al., 1998) where TL shortens more rapidly during the first few years of
life. This could be explained by the relatively high levels of cell prolif-
eration in the first few years after birth wherein each cycle of cell pro-
liferation leads to TL shortening due to the end replication problem. In
addition, long telomeres have relatively low concentration of stabilizing
proteins (i.e., shelterin complex), which may lead to more rapid attrition
rate early in life (Li et al., 2017).

Biological sex did not have a significant moderation effect on the TL-
age correlation. A previous systematic review and meta-analysis
(Gardner et al., 2014) on the association between gender and TL syn-
thesizing findings from 36 cohorts across 36,230 participants reported
that females had longer TL than males after adjusting for age. Further,
there was little evidence that the TL-sex association varied by age group,
indicating that females have consistently longer TL than males across
different age groups. Our meta-analysis similarly indicated that the
TL-age correlation did not vary significantly by sex across the life course.
It has been suggested that the longer TL in females might be due to
slower TL attrition rate (Okuda et al., 2002) or sex-dependent differ-
ences in TL starting from birth (Gardner et al., 2014). Although there are
inconsistent findings of TL difference between female and male new-
borns (Aubert et al., 2012; Okuda et al., 2002), our results do not support
different TL attrition rates between males and females.

The TL-age correlation was not significantly moderated by health
status (CVDs, cancer, and stress-related disorders). This could indicate
that diseases affecting TL may contribute to changes in TL equally across
the lifespan. Alternatively, between-study heterogeneity or grouping of

diverse disease subtypes under each disease category might have
influenced our ability to detect significant moderation effects. More-
over, disease onset and duration relative to the timing of sample
collection for TL measurement can further influence the impact of dis-
ease status on the correlation between TL and age. The potential dif-
ference in TL-age correlation between the general population and
healthy individuals could be due to unidentified risk or protective fac-
tors other than the disease categories included in this meta-analysis.
Those unidentified factors could include psychological stress (Shalev
and Hastings, 2017), diet (e.g., daily calorie intake) (Kark et al., 2012),
and lifestyle (e.g., walking pace) (Dempsey et al., 2022), all of which
have been found to be significantly associated with TL. Despite being
non-significant, the overall pooled correlation without adjustment for
age in patients with CVDs, cancer, or stress-related disorders tended to
be weaker than the pooled correlation in the general population or
healthy individuals. One explanation could be the difference in disease
prevalence in different age groups, where younger individuals were
likely to be healthier and older individuals had increased chances of
being affected by chronic diseases. Our results indicated that the TL-age
correlation was weaker in older individuals and thus, weaker TL-age
correlation could be observed in patients with disease. On the other
hand, it is also possible that telomere attrition associated with certain
diseases is greater than the attrition due to the increase of chronological
age. In this case, morbidity at a younger chronological age could be
associated with advanced biological age at diagnosis, leading to a
diminished correlation between TL and age in patients with disease.
Longitudinal studies within young populations prior to disease onset
may provide further insight on the dynamics of TL attrition in disease
patients versus healthy individuals. Further, the association between
cancer and TL is also more complex than other diseases. Previous
research reported that shorter TL was associated with increased risk of
bladder and gastric cancer whereas longer TL was associated with
increased risk of melanoma, soft tissue sarcoma, and lung cancer
adenocarcinoma (Barrett et al., 2015). As shortened TL can trigger
cellular senescence or apoptosis, TL maintenance and lengthening are
often critical barriers cancer cells must overcome to maintain cell sur-
vival and proliferation (Barrett et al., 2015), which could be presented as
diminished TL-age association in cancer patients.

For TL measurement methods, qPCR and Southern blot were the
most common, followed by FISH-based methods such as qFISH and flow
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Pooled corrected correlation

Age group
Children (<18 years)
Adults (18 years or above)

Sex

Only males

Only females

Both males and females

Health status

Healthy

General Population

CVD

Cancer
Depression/Anxiety/PTSD

TL method
Southern blot
gPCR

gFISH

Flow FISH

Tissue

Blood leukocytes
Dry blood spots
PBMCs

Saliva

Buccal cells

DNA extraction procedure
Salting out

Silica membrane column
Magnetic bead
Phenol-chloroform

21
212

37
39
199

120
92
24
36
12

56
214

221

37
13

59
76
12
14

6,472
600,841

12,911
8,879
604,082

16,366
583,267
19,085
4,191
3,463

10,041
614,428
1,621
282

607,557
1,079
6,492
9,847
1,397

25,557
39,406
478,339
5,138

-0.41 [-0.64, -0.12]
-0.15 [-0.18, -0.11]

-0.20 [-0.31, -0.08]
-0.16 [-0.26, =0.07]
-0.19 [-0.24, -0.15]

-0.18 [-0.24, -0.13]
-0.25 [-0.33, -0.17]
-0.08 [-0.12, -0.05]
-0.11 [-0.15, =0.08]
-0.12 [-0.15, -0.08]

-0.20 [-0.23, -0.16]
-0.18 [-0.22, -0.13]
-0.44 [-0.68, -0.12]
-0.36 [-0.50, -0.20]

-0.18 [-0.22, -0.14]
: -0.44 [-0.79, 0.12]
[T -0.12[-0.19, -0.06]
[ -0.07 [-0.21, 0.07]
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[ -0.13 [-0.26, 0.01]
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I
-08 -04 0

Pooled corrected correlation

Fig. 4. Forest plot of pooled corrected correlations stratified by demographic, disease, and methodological factors.CVD, cardiovascular disease; PTSD, post-
traumatic stress disorder; qPCR, quantitative polymerase chain reaction; qFISH, quantitative fluorescence in situ hybridization; PBMC, peripheral blood mononuclear
cells. The two influential cases were excluded from this plot. Correlations were corrected for the age range restriction to reduce the noise caused by the heterogeneity
of age range across different samples.

Table 3
Telomere length yearly change rate in base pairs.
Study design TL method N of samples N of subjects TL change rate (bp/year)
Median Range Interquartile range
Cross-sectional Any TL method 87 20,042 -23 -170 to 46 -42 to -15
Southern blot (TRF) 65 12,690 -24 -100 to 38 -38to -19
qPCR (aTL) 8 5564 -12 -46 to 30 -24to -3
qFISH 10 1718 -30 -170 to 46 -53to-16
Flow FISH 4 70 -71 -81to 3 -77 to -50
Longitudinal Southern blot (TRF) & qPCR (aTL) 32 6068 -38 -2900 to 740 -65 to -19
Southern blot (TRF) 23 2220 -27 -2900 to 740 -40 to -14
qPCR (aTL) 9 3848 -67 -150 to 44 -75to -58

TRF, terminal restriction fragment; gPCR, quantitative polymerase chain reaction; qFISH, quantitative fluorescence in situ hybridization; aTL, absolute telomere

length.

FISH. In our analysis, Southern blot and qPCR did not significantly differ
in TL-age correlation, but there was suggestive evidence for stronger TL-
age correlation in studies using qFISH methods. This could be related to

differences in measurement procedures and precision between protocols
(for a review see (Lai et al., 2018)). However, there were notably fewer
samples using qFISH than those using qPCR or Southern blot, which may
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Fig. 5. Absolute telomere length change trend across the lifespan in longitudinal samples. Age and TL center values (mean, median, or midrange) at baseline
and follow-up from longitudinal samples were connected for each sample in the line plot to show the change trend of TL as a function of age.

lead to inaccurate estimates of differences between methods.

In terms of the moderation effect of tissue type, the TL-age correla-
tion has been reported to be tissue-specific with a correlation of —0.35 in
whole blood in donors aged 20-70 years, a magnitude that is slightly
smaller than in stomach and aorta tissues, but larger than in post-mitotic
tissues (i.e., brain and muscle) (Demanelis et al., 2020). Our analyses
extended these results with evidence that the correlation between TL
and age in saliva was smaller than that in DBS and buccal cells. One
explanation could be the larger variation in cell proportions in saliva.
Saliva is a mixture of buccal cells and leukocytes. Tissues collected via
buccal swabs have a more uniform cell type that are predominantly
buccal epithelial cells with less leukocytes, whereas saliva collected
through passive drool contains less buccal cells (Lin et al., 2019). Results
further revealed stronger TL-age correlation in DBS versus blood leu-
kocytes, which could be potentially due to differences in collection and
processing procedures. However, these findings should be taken
cautiously considering the large variability and smaller number of DBS
studies included in this meta-analysis.

As for DNA extraction procedures, previous studies (Cunningham
et al., 2013; Raschenberger et al., 2016) indicated that different pro-
cedures may influence TL measurement. For example, Raschenberger
et al. (2016) found that DNA extracted using a magnetic bead procedure
(Qiagen EZ1 kit) had significantly shorter relative TL than DNA
extracted using a salting out procedure (INVISORB kit), and the asso-
ciation of TL with CVD was stronger when using the salting out
compared with the magnetic bead procedure. In this meta-analysis, we
found that the TL-age correlation was weaker in samples using magnetic
bead procedures when including the two influential cases (Nelson et al.,
2020; Osler et al., 2016). However, analysis excluding the two influ-
ential cases did not show any significant moderation effect of magnetic
bead procedures on the TL-age correlation. A further examination into
the two cases revealed that the TL-age correlations were derived from
participant samples with very narrow age range (less than one-year age
difference between participants), which could have caused the potential
artifact of the moderation effect. No significant differences were
observed between other DNA extraction procedures.
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We acknowledge limitations. First, due to a wide age coverage in
most study samples, we were unable to examine the moderation effect of
a finer age group classification when using age as a categorical variable.
Second, correlations may differ in different disease subtypes, and factors
such as psychological stress, diet, and lifestyle can further affect the rate
of TL attrition across the lifespan, but we did not collect detailed in-
formation about disease subtypes or non-disease factors given substan-
tial study heterogeneity. Future studies are encouraged to examine the
unique effects of psychological stress, diet, and psychological stress on
TL and its change rate. Third, many studies did not report the DNA
extraction kit used (i.e., 44.6% of cross-sectional and 21.9% of longi-
tudinal samples), which limited the power to test the moderation effect
of DNA extraction procedures. Fourth, tissue types, DNA extraction
procedures, and TL measurement methods were not randomly distrib-
uted across study samples, which might introduce confounding effects
and limit the generalizability of the results. Additionally, we were less
powered to test the moderation effect of sex because most samples
included both males and females. Similarly, we were also unable to test
the potential moderation effect of race and ethnicity given most samples
included participants of diverse race and ethnicity. Further, because not
all study samples reported SD of age, fewer cross-sectional samples were
included in meta-regression after correcting the correlation for age
range restriction. Similarly, not all longitudinal study samples reported
SD of TL, which prevented the calculation of z-score change rate of TL
for those samples. Lastly, there are inherent limitations of using TL as an
aging biomarker. Length is only one of many parameters of the telomere
structure. DNA replication stress can cause aberrant telomeric structures
such as fragile telomeres (i.e., presence of diffuse telomeric signals
across a single chromatid arm), sister telomere loss, and sister telomere
chromatid fusions, which have been found to change with chronological
age (Boccardi et al., 2020). The formation of aberrant telomeric struc-
tures could not be fully reflected by the change of TL and may carry
valuable information about biological aging. We further note that telo-
mere regulation is more complex than initially assumed and can involve
telomere regulatory shelterin proteins that contributes to aging via
telomere-dependent and independent functions (Wolf and Shalev,
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2023). Characterizing a comprehensive profile of telomere change
across the lifespan will be a focus of future studies.

5. Conclusions

In conclusion, this systematic review and meta-analysis provides a
comprehensive overview of TL and chronological age across the human
lifespan while accounting for the impact of biological and methodo-
logical factors. The overall trend of TL shortening with increased chro-
nological age was demonstrated based on the synthesized evidence.
Further, the strength of the correlation was significantly different at
different developmental periods across the life course, wherein children
had a stronger TL-age correlation than adults. While biological factors
including sex and disease status may not be influential moderators,
methodological factors such as TL measurement method and tissue type
may moderate the correlation between TL and age. Moreover, there was
a large amount of heterogeneity between and within studies. Future TL
studies should follow consistent methodology and reporting guidelines
as recommended by the Telomere Research Network (Lindrose and
Drury, 2020) to help improve the reliability of using TL as an aging
biomarker in diverse populations and settings. Finally, results could be
used as a benchmark to evaluate TL-age correlation in future
telomere-based studies.
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