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ARTICLE INFO ABSTRACT

Keywords: Although epidemiologic studies of telomere length have become increasingly common, few population-based,
Telomere attrition multi-ethnic studies include data on telomere shortening, which may be a better predictor of morbidity and
Age mortality than a single measure of telomere length. This study used stored blood samples from 1169 participants
Sex in the Multi-Ethnic Study of Atherosclerosis (MESA) to examine age, sex, race/ethnicity, marital status, income,
Race/ethnicity

and education as predictors of change in telomere length over a 10-year period in linear mixed effects models.
Mean age at baseline was 61 years, and the sample was 54% female, 27% white, 30% African-American, and
43% Hispanic. At baseline, 58% of the sample was married; 32% had household income below $25,000 per year,
35% had income between $25,000 and $49,999 per year, and 34% had income above $50,000 per year; 41% had
a high school education or less, 30% had some college, and 29% had a college degree or more. Relative telomere
length (T/S ratio) was measured by the quantitative polymerase chain reaction method. In general, ten-year
telomere attrition was greater for groups that had longer telomere length at baseline, including younger people,
whites, and women. After adjusting for baseline telomere length, race/ethnic differences in telomere attrition
were attenuated, and age and sex differences were reversed, such that older people and men showed greater
telomere shortening. There were no significant differences in telomere attrition by marital status, income, or
education. There is not yet a consensus in the field regarding whether to adjust for baseline telomere length in
models examining predictors of telomere attrition. To ensure comparability across studies, researchers should
report results both with and without adjustment for baseline telomere length.

Epidemiology
Methods

1. Introduction senescence and cell stress pathways, is implicated in the pathophy-

siology of biological aging and is thought to contribute to the devel-

Telomere attrition is a hallmark indicator of biological aging
(Kennedy et al., 2014; Lopez-Otin et al., 2013), and leukocyte telomere
length has been proposed as a biomarker of aging (Aubert and
Lansdorp, 2008). Telomeres cap the ends of chromosomes and promote
chromosomal stability (Blackburn et al., 2015). Due to the end re-
plication problem, telomeres naturally shorten with mitosis (Blackburn,
2005). Oxidative damage and DNA replication stress also contribute to
telomere loss (Blackburn et al., 2015; von Zglinicki, 2002). When tel-
omeres become critically shortened, cellular senescence is triggered,
and cells lose their ability to divide (Blackburn, 2000; Blasco, 2005).
This end stage of cellular senescence, reached through replicative

opment of the aging phenotype and age-related diseases (Campisi,
2005; Kennedy et al.,, 2014). A number of studies have shown that
leukocyte telomere length is associated with morbidity (e.g., Haycock
et al., 2014; Willeit et al., 2014) and mortality (e.g., Rode et al., 2015)
independent of chronological age. Although relatively few studies have
examined telomere attrition as a risk factor for health-related outcomes,
there is some evidence that the rate of telomere shortening may be a
better predictor of morbidity (Masi et al., 2014) and mortality (Duggan
et al., 2014; Epel et al., 2009; Goglin et al., 2016) than a single measure
of telomere length (for exceptions, see Toupance et al., 2017; Weischer
et al., 2014). Thus, more work is needed to identify factors that increase
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the rate of telomere attrition.

The purpose of the current study was to use stored blood samples
from the Multi-Ethnic Study of Atherosclerosis (MESA), a population-
based cardiovascular cohort study, to examine sociodemographic pre-
dictors (age, sex, race/ethnicity, marital status, income, and education)
of within-person change in telomere length over a 10-year period. This
work builds on previous cross-sectional studies of telomere length in
MESA, which found that younger people, women, and whites had
longer telomere length than older people, men, and African-Americans
and Hispanics (Diez Roux et al., 2009) and that income and education
were not associated with telomere length (Carroll et al., 2013). Given
the relative paucity of longitudinal studies in large, multi-ethnic US
samples (for exceptions, see the Coronary Artery Risk Development in
Young Adults Study, the Bogalusa Heart Study, the Atherosclerosis Risk
in Communities Study, and the Baltimore Longitudinal Study of Aging),
this and future studies using MESA data have the potential to fill an
important gap in the telomere epidemiology literature.

2. Data and methods
2.1. Data

MESA is a population-based longitudinal study designed to identify
risk factors for the progression of subclinical cardiovascular disease
(CVD) (Bild et al., 2002). Between July 2000 and August 2002, 6814
women and men aged 45-84 without clinically apparent CVD were
recruited from six regions in the US. To date, participants have com-
pleted a baseline examination and four additional follow-up exams.
Telomeres were assessed on a random subsample of 1295 white,
African-American, and Hispanic MESA participants from the New York,
Los Angeles, and Baltimore sites who agreed to participate in an an-
cillary study examining the effects of stress on cardiovascular outcomes.
Although data on telomere length at Exam 1 was already available for
over half of our sample as part of a previous cross-sectional study (Diez
Roux et al., 2009), we repeated the Exam 1 telomere assay for these
participants in the same lab and at the same time as the Exam 5 telo-
mere assay to ensure comparability of results. Stored blood samples
from Exam 1 (July 2000-August 2002) and Exam 5 (April 2010-De-
cember 2011) were used to assess telomere length. The analytic sample
excluded 126 respondents with missing data on one or more study
variables (final n = 1169). At baseline, mean body mass index for the
analytic sample was 29.09 (SD = 5.42), mean systolic blood pressure
was 124.38 (SD = 20.35), mean diastolic blood pressure was 71.93
(SD = 10.09), and 38.1% of the sample reported use of anti-hyperten-
sive medications. Mean follow-up time between Exams 1 and 5 was
9.46 years (SD = 0.46).

2.2. Measures

Leukocyte telomere length. DNA (Exam 1 and Exam 5) was isolated at
the Collaborative Studies Clinical Laboratory at University of Minnesota
Medical Center, Fairview (Minneapolis, MN) from packed EDTA and
citrate cells that were frozen at -70C. The DNA extraction and pur-
ification method used sodium dodecylsulfate cell lysis followed by a salt
precipitation method for protein removal using commercial Puregene®
reagents (Gentra System, Inc., Minneapolis, MN 55447). A mean yield
of 39.1 ug DNA/mL packed cell was obtained, and DNA was of high
quality (mean purity A260/280 = 1.77) and high molecular weight as
determined by gel electrophoresis.

Telomere length assays were performed in the Blackburn Lab at the
University of California, San Francisco, using the quantitative poly-
merase chain reaction (PCR) method to measure telomere length re-
lative to the single-copy gene (human beta-globulin) (T/S ratio), as
described in detail elsewhere (Cawthon, 2002; Lin et al., 2009). DNA
samples were coded and the lab was blinded to all other measurements
in the study. Each sample was assayed 3 times on 3 different days. The
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samples were assayed on duplicate wells, resulting in 6 data points.
Sample plates were assayed in groups of three plates, and no two plates
were grouped together more than once. Each assay plate contained 96
control wells, which included 8 standard curves using 3-fold serial di-
lution of 8 control DNA samples from various cancer cell lines for
normalizing batch to batch variations. Any assay run with 8 or more
invalid control wells was considered a failed run and was excluded from
further analysis (100% of runs passed this criterion). The mean of the
T/S values was calculated, and the largest or the smallest T/S value in
the set (whichever deviated most from the mean) was marked as a
potential outlier. Then the mean of the T/S value was calculated
without the potential outlier. If the absolute value of the log of the ratio
between the recalculated mean (excluding the potential outlier) to the
value of the potential outlier was greater than 0.4, then the value was
marked as an outlier (99.8% of all samples contained no outliers). The
average inter-assay coefficient of variation was 2.9%.

Sociodemographic characteristics. Age (in years), sex (1=male,
0 =female), race (dummy variables for African-American and Hispanic,
with white as the reference category), marital status (1 =married,
0=not married), annual household income (in $10,000 s), and educa-
tion (dummy variables for high school or less and some college, with
college degree or more as the reference category) were self-reported at
the baseline exam.

2.3. Analysis plan

First, we conducted descriptive analyses to examine the average
telomere length at each exam and the average within-person change in
telomere length between Exams 1 and 5 for the full sample and by age,
sex, race/ethnicity, marital status, income, and education. Next, we
used a linear mixed effects model with time-varying covariates that
were centered to person-level means (hereafter referred to as the hybrid
model) (Allison, 2005) to estimate associations between person-level
factors and the rate of within-person change in telomere length between
Exams 1 and 5, controlling for study site. In this analysis, time since
baseline was the only time-varying covariate. The hybrid model ac-
counts for correlations between telomere samples at baseline and the
follow-up exam for the same person via the inclusion of an individual-
level random intercept. Robust standard errors were used to account for
possible misspecification of the covariance structure among repeated
observations. The linear mixed effects model (hybrid model) is shown
in the appendix.

In a second step, we added an interaction term between Exam 1
telomere length and time since baseline to the model described above in
order to obtain baseline-adjusted estimates of change. Previous studies
have found a strong correlation between baseline telomere length and
telomere attrition (Aviv et al., 2009; Nordfjall et al., 2009; Revesz et al.,
2016, 2015; Weischer et al., 2014). While this correlation could be a
statistical artifact resulting from measurement error in the telomere
length assay (i.e., regression to the mean), biological evidence from
non-human species suggests that individuals lose more base pairs from
their longer telomeres than from their shorter telomeres (Bauch et al.,
2014; Salomons et al., 2009); and prior research in humans has shown
that telomere attrition increases with increasing baseline telomere
length even after correcting for regression to the mean (Verhulst et al.,
2013). In accordance with the recommendation that studies examining
change in telomere length adjust for baseline telomere length in order
to increase statistical power by reducing residual variation (Verhulst
et al., 2013), it has become increasingly common for studies of telomere
attrition to control for baseline telomere length (Biegler et al., 2012;
Huzen et al., 2014; van Ockenburg et al., 2015). It should be noted,
however, that the research question being addressed in a baseline-ad-
justed model (i.e., Holding baseline telomere length constant, what is
the association between a predictor and change in telomere length?)
differs from that being addressed in an unadjusted model (i.e., What is
the association between a predictor and change in telomere length?).
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Mean Telomere Length (T/S Ratio) and 10-year Telomere Attrition for the Full Sample and by Sociodemographic Characteristics.

Exam 1 Exam 5 10-year attrition

N Mean (SD) p-value Mean (SD) p-value Mean (SD) p-value
Full sample 1169 0.92 (0.20) 0.71 (0.14) —0.22 (0.19)
By Exam 1 age
45-54 362 0.98 (0.21) < 0.0001 0.76 (0.15) < 0.0001 —0.23 (0.20) 0.18
55-64 369 0.93 (0.19) 0.71 (0.13) —0.23 (0.19)
65-74 331 0.86 (0.19) 0.67 (0.14) —0.20 (0.19)
75-84 107 0.81 (0.18) 0.63 (0.10) —0.20 (0.17)
By sex
Female 628 0.94 (0.20) < 0.0001 0.72 (0.15) 0.0007 —0.23 (0.18) 0.12
Male 541 0.89 (0.20) 0.69 (0.14) —0.21 (0.20)
By race/ethnicity
White 315 0.94 (0.21) 0.03 0.71 (0.14) 0.14 —0.24 (0.20) 0.0009
African-American 345 0.89 (0.20) 0.72 (0.15) —0.19 (0.19)
Hispanic 509 0.92 (0.21) 0.70 (0.14) —0.23 (0.19)
By Exam 1 marital status
Married 680 0.93 (0.20) 0.0003 0.72 (0.15) 0.01 —0.23 (0.20) 0.07
Not married 489 0.89 (0.20) 0.69 (0.14) —0.21 (0.19)
By Exam 1 household income
$0-$24,999 370 0.90 (0.21) 0.28 0.69 (0.13) 0.004 —0.23 (0.19) 0.59
$25,000-$49,999 404 0.92 (0.21) 0.71 (0.14) —0.22 (0.20)
$50,000 + 395 0.93 (0.20) 0.72 (0.15) —0.21 (0.19)
By educational attainment
High school or less 478 0.92 (0.21) 0.41 0.70 (0.15) 0.27 —0.23 (0.19) 0.14
Some college 355 0.93 (0.20) 0.71 (0.14) —0.22 (0.20)
College or more 336 0.90 (0.19) 0.71 (0.14) —0.20 (0.18)

Notes: 10-year attrition = 10*(Exam 5 TL — Exam 1 TL)/(Exam 5 visit date — Exam 1 visit date). P-value based on t-test for variables with two categories and one-way

ANOVA for variables with more than two categories. SD = standard deviation.
3. Results

Means for the Exam 1 and Exam 5 measures of telomere length (T/S
ratio), as well as 10-year telomere attrition, are shown in Table 1. In the
full sample, mean telomere length at Exam 1 was 0.92 (SD = 0.20);
mean telomere length at Exam 5 was 0.71 (SD = 0.14); and mean tel-
omere attrition between exams was 0.22 (SD = 0.19) units. Younger
respondents had longer telomere length than older respondents at both
exams, but 10-year telomere attrition was not significantly different by
age. Similarly, women had longer telomere length than men at Exams 1
and 5, but telomere attrition was not significantly different. Next,
whites had longer telomere length than African-Americans and His-
panics at Exam 1, but mean telomere length did not differ by race/
ethnicity at Exam 5 because whites experienced greater telomere at-
trition than African-Americans and Hispanics. Married respondents had
longer telomere length than unmarried respondents at both exams, but
telomere attrition was not significantly different. Respondents with
greater household income had longer telomere length at Exam 5, but
income was not associated with baseline telomere length or 10-year
telomere attrition. Finally, education was not associated with telomere
length at either exam or with telomere attrition. In the full sample,
83.4% of respondents experienced at least a 5% decrease in telomere
length between Exams 1 and 5; 6.6% experienced at least a 5% increase
in telomere length; and the remaining 10% experienced less than a 5%
change in telomere length. The distributions of the telomere data at
Exams 1 and 5 are shown in Figure S1.

Results of the multivariable hybrid models are presented in Table 2.
The estimate for follow-up time between exams was -0.22 (SE = 0.01;
p < 0.0001), which indicates that the average within person change in
telomere length over the 10-year study period was a reduction of 0.22
units. As shown in Model 1 of Table 2, younger people, women, and
whites experienced greater telomere attrition than older people, men,
and African-Americans and Hispanics. For every 10-years of higher age
at Exam 1, 10-year telomere attrition was 0.01 units lower (est. = 0.01;
SE = 0.01; p = 0.02). Telomere attrition was 0.02 units lower for men
compared to women (est. = 0.02; SE = 0.01, p = 0.03). Compared to
whites, 10-year telomere attrition was 0.05 units lower for African-
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Americans (est. = 0.05; SE = 0.02; p = 0.0001) and 0.04 units lower
for Hispanics (est. = 0.04; SE = 0.02; p = 0.04). Telomere attrition was
not significantly different for African-Americans compared to Hispanics
(results not shown). Finally, there were no significant differences in
telomere attrition by marital status, income, or education. With the
exception of marital status, these results suggest that telomere attrition
was greater for groups that had longer baseline telomere length.

As shown in Model 2 of Table 2, we found that longer baseline
telomere length was associated with greater 10-year telomere attrition.
For every one unit increase in baseline telomere length, telomere at-
trition was 0.70 units greater (est.=-0.70; SE = 0.02; p < 0.0001).
Because we were unable to correct for regression to the mean in the
hybrid models, the estimate for baseline telomere length is likely in-
flated and should be interpreted with caution (see Verhulst et al.,
2013). Next, we found that older people and men experienced greater
telomere attrition than younger people and women in the baseline-
adjusted model. Notably, the results for age and sex in Model 2 are in
the opposite direction of those in Model 1. For every 10-years of higher
age at Exam 1, 10-year telomere attrition was 0.03 units greater (est. =-
0.03; SE = 0.00; p < 0.0001). Telomere attrition was 0.02 units
greater for men compared to women (est=-0.02; SE = 0.01, p = 0.02).
Race/ethnic differences in telomere attrition were no longer significant
after adjusting for baseline telomere length, and there were no sig-
nificant differences in telomere attrition by marital status, income, or
education in baseline-adjusted models.

4. Discussion

While research on telomere length has become increasingly
common in the epidemiologic literature, most previous studies have
examined cross-sectional data. However, several recent studies suggest
that the rate of telomere attrition may be a better predictor of long-term
health outcomes than a single measure of telomere length (Duggan
et al., 2014; Epel et al., 2009; Goglin et al., 2016; Masi et al., 2014).
Thus, we obtained repeat measures of telomere length for over 1,000
participants in MESA in order to facilitate research on the antecedents
and health-related consequences of telomere shortening in a large,
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Estimated Change in 10-year Telomere Attrition by Sociodemographic Characteristics from the Linear Mixed Effects (Hybrid) Model with a Random Intercept and

Robust Standard Errors (n = 1169).

Model 1 Model 2
Variable Interpretation Est. SE p-value Est. SE p-value
Intercept Average TL over two exams 0.81 0.00 < 0.0001 0.81 0.00 < 0.0001
Time Average 10-year telomere attrition —-0.22 0.01 <0.0001 -0.22 0.00 < 0.0001
Time x Exam 1 Age Difference in 10-year telomere attrition per 10-year higher Exam 1 age 0.01 0.01 0.02 -0.03 0.00 < 0.0001
Time x Male Difference in 10-year telomere attrition for males compared to females 0.02 0.01 0.03 —0.02 0.01 0.02
Time x African-American Difference in 10-year telomere attrition for African-Americans compared to whites  0.05 0.02 0.003 0.02 0.01 0.15
Time x Hispanic Difference in 10-year telomere attrition for Hispanics compared to whites 0.04 0.02 0.04 -0.01 0.01 0.32
Time x Married at Exam 1 Difference in 10-year telomere attrition for married respondents compared to -0.01 0.01 0.52 0.01 0.01 0.10
unmarried respondents
Time x Exam 1 Household Difference in 10-year telomere attrition per $10,000 higher Exam 1 household 0.00 0.00 0.73 0.00 0.00 0.68
Income income
Time x High School Difference in 10-year telomere attrition for respondents with high school or less —-0.02 0.02 0.20 0.00 0.01 0.66
compared to college or more
Time x Some College Difference in 10-year telomere attrition for respondents with some college compared —0.02 0.02 0.19 —0.01 0.01 0.48
to college or more
Time x Baseline TL Difference in 10-year telomere attrition per 1-unit increase in baseline TL — — — -0.70 0.02 < 0.0001

Notes: Follow-up time was centered to the individual’s average follow-up time and is presented on a 10-year scale. Demographic variables and Exam 1 telomere
length were centered to the population mean. A negative coefficient for an interaction with time indicates greater 10-year telomere attrition. All models control for
study site. Model 1 does not adjust for baseline telomere length, while Model 2 includes baseline telomere length as a covariate. Est. = estimate; SE = standard error;

TL = telomere length (T/S ratio).

multi-ethnic, population-based sample. The purpose of the current
study was to examine age, sex, race/ethnicity, marital status, income,
and education as predictors of within-person change in telomere length
over a 10-year period.

In a multivariable model not adjusted for baseline telomere length,
we found that telomere attrition was greater for younger people,
women, and whites compared to older people, men, and African-
Americans and Hispanics. Consistent with other prior longitudinal
studies (see, for example, Aviv et al., 2009; Nordfjall et al., 2009;
Revesz et al., 2016, 2015; Weischer et al., 2014), we found that baseline
telomere length was a strong predictor of telomere attrition. After ad-
justing for baseline, race/ethnic differences in telomere attrition were
no longer significant. Furthermore, when baseline telomere length was
held constant, older people and men were found to experience greater
attrition than younger people and women.

Currently, there is not a consensus in the literature regarding
whether to adjust for baseline telomere length in models examining
predictors of telomere attrition. If baseline is a true confounder (i.e., it
is associated with the exposure and is a predictor of attrition but is not a
mediator), then adjustment for baseline may be warranted, although it
is known that measurement error can introduce important bias in
baseline-adjusted models (Glymour et al., 2005; Yanez et al., 1998).
However, if baseline telomere length is hypothesized to be in the causal
pathway from the exposure to telomere attrition, then regression
coefficients from baseline-adjusted models will provide estimates of the
direct effect, rather than the total effect, of the exposure on change in
telomere length. In order to provide an unbiased estimate of the direct
effect, it is necessary to adjust for potential confounders of the med-
iator-outcome association, which in this case includes any potential
confounders of the association between baseline telomere length and
telomere attrition. Failure to adjust for confounders of the mediator-
outcome association could lead to overestimation of the indirect effect
and underestimation of the direct effect (see http://davidakenny.net/
cm/mediate.htm). To the extent that age, sex, and race/ethnicity are
either causally related to telomere length themselves or are proxies for
factors, such as cell division history, sex steroid hormone concentra-
tions, or psychosocial stress exposure, that are causally related to tel-
omere length, then baseline-adjusted models that fail to adjust for
confounders of the baseline-attrition association may produce down-
wardly biased estimates of the direct effects of these sociodemographic
characteristics on telomere attrition.

While there is compelling biological evidence that the rate of telo-
mere attrition depends on baseline telomere length (Aviv et al., 2009;
Verhulst et al., 2013), researchers must carefully consider the im-
plications of adjusting for baseline telomere length when interpreting
the results of baseline-adjusted models, particularly when there is
measurement error (Glymour et al., 2005), which is known to exist for
measures of relative telomere length, or when baseline telomere length
is an intermediate. The choice of whether or not to adjust for baseline
should be based on the specific research question under study, and
researchers should clearly state whether they believe that baseline
telomere length is a confounder, a mediator, or neither (Schisterman
et al., 2009) (see Fig. 1). For example, if we conceptualize baseline
telomere length as a confounder of the association between race/eth-
nicity and telomere attrition, then the baseline-adjusted model provides
a better estimate of the causal effect of race/ethnicity (or factors closely
associated with race/ethnicity, such as discrimination) on telomere
attrition, assuming no residual or unmeasured confounding. In this
case, attenuation of the coefficient for race/ethnicity after adjusting for
baseline is interpreted as evidence of confounding. (An added com-
plexity in this case is regression to the mean, which, as previously
discussed, may result in an artifactual association of longer baseline
telomere length with faster attrition). However, if we conceptualize
baseline telomere length as a mediator of the association between race/
ethnicity and telomere attrition, then the baseline-adjusted model could

a. Exposure ——— > TL Attrition

e

Baseline TL

b. Exposure ————> TL Attrition

e

Baseline TL

c. Exposure —— > TL Attrition

e

Baseline TL

Fig. 1. Graphical representation of baseline telomere length as a confounder
(a), a mediator (b), or neither (c) in the analysis of telomere attrition.
Notes: TL = telomere length.
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result in an underestimate of the causal effect of race/ethnicity (or
factors associated with race/ethnicity) on telomere attrition. This is
because baseline levels may capture prior effects of race/ethnicity on
attrition, so by adjusting for it we are potentially adjusting away a
major component of the causal effect we are trying to estimate. On one
hand we need to control for any confounding effects of baseline telo-
mere length (or artifactual associations resulting from regression to the
mean), but on the other hand, controlling for baseline may adjust away
effects of prior history on attrition, making it difficult to isolate a causal
effect over the relatively short 10-year period we have available to
study. If researchers choose to present baseline-adjusted models, we
recommend that they also present unadjusted models in order to ensure
comparability of results across studies. As demonstrated here, adjust-
ment for baseline telomere length can lead to changes in the direc-
tionality of associations, producing very different conclusions regarding
which groups experience greater telomere attrition.

4.1. Strengths and limitations

A strength of this study was the use of a large, racially and ethni-
cally diverse, population-based sample, which enhances general-
izability. While some previous longitudinal studies have included
African-Americans (Aviv et al., 2009; Rewak et al., 2014; Sanders et al.,
2015), most prior research on telomere attrition has focused on samples
of European descent (Bendix et al.,, 2014; Dalgard et al., 2015;
Ehrlenbach et al., 2009; Shalev et al., 2014; van Ockenburg et al.,
2015). To our knowledge, this was the first study to examine change in
telomere length among Hispanics.

Other strengths of this study include a low average inter-assay
coefficient of variation (2.9%) for the telomere length assay and the
relatively long period of time — approximately 10 years — between the
first and second telomere measurements. Some research suggests that
change in telomere length observed in studies conducted over shorter
time periods may reflect measurement error rather than true change
(Chen et al., 2011; Steenstrup et al., 2013). While we cannot rule out
the possibility that measurement error accounts for the finding that
6.6% of our sample experienced at least a 5% increase in telomere
length, a recent simulation study suggests that scenarios in which true
lengthening occurs provides a better fit for the empirical data than
scenarios in which no lengthening occurs (Bateson and Nettle, 2017),
and prior experimental studies suggest that non-technical factors, such
as weight loss (Carulli et al., 2016; Garcia-Calzon et al., 2014), may
contribute to telomere lengthening.

Finally, a key strength of this study was the use of multivariable
hybrid models, which estimated the effect of aging (via the measure of
follow-up time) using only within-person variability in telomere length
across exams. Furthermore, the models accounted for any observed and
unobserved time-invariant confounders, such as genetic factors, which
may be important determinants of both telomere length and telomere
attrition. Despite these advantages, we were unable to correct for re-
gression to the mean using Verhulst’s (2013) formula in the hybrid
models, which means that the estimate for baseline telomere length is
likely inflated. For studies in which the primary goal is to estimate the
effect of baseline telomere length on telomere attrition, the hybrid
model may not be appropriate.

This study also had some limitations. Because we only had two
measures of telomere length, we were unable to examine non-linearity
in trajectories of change. Ongoing data collection efforts may provide
additional biological specimens for MESA study participants, making it
possible to obtain more data on telomere length in the future. Previous
research has shown that relative telomere rankings, as measured by
deciles, are generally fixed in mid- to late-life (Benetos et al., 2013).
This is likely due to the fact that telomere dynamics are largely de-
termined by telomere length at birth and the rate of attrition during
childhood and adolescence (Benetos et al., 2013). Thus, the age of the
MESA cohort (45-84 at baseline) is a limitation of this study, and more
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work is needed to identify the determinants of telomere length and
telomere attrition in early life.

Next, given that all MESA participants were in mid- to late-life and
free from CVD at baseline, a second limitation is that our sample re-
presented an unusually healthy group - particularly the older men and
older racial/ethnic minorities. Unobserved factors, which could be re-
lated to telomere length and telomere attrition, may have conferred a
survival advantage to those who were included in the study. Future
studies could avoid this form of selection bias by focusing on younger,
randomly selected samples. The inclusion of unusually healthy older
African-Americans in MESA may explain why the results of this study
differ from other multi-ethnic studies, which have found that African-
Americans tend to have longer telomere length than whites (Hunt et al.,
2008; Needham et al., 2013), as well as greater telomere attrition (Chen
et al., 2011; Rewak et al., 2014).

A third limitation is that the measure of relative telomere length
used in this study is an average of telomere length across all leukocyte
cell types, including neutrophils, eosinophils, basophils, lymphocytes,
and monocytes. Previous research has shown that, within the same
individual, telomere length in different cell types varies (Lin et al.,
2010). Thus, changes in telomere length observed in this study may be
due to changes in the composition of leukocyte cell subpopulations.
Future longitudinal studies should either measure telomere length in a
single cell type, such as monocytes, or control for changes in white
blood cell composition (which we were unable to do in the current
study because these measures were not available for the MESA Exam 1
data).

Finally, a number of sample handling procedures, such as variability
in blood preservative and time between collection and freezer storage,
could have introduced error in estimates of telomere length. Future
research that examines these factors is needed to determine the relative
contribution of each on estimates of telomere length.

5. Conclusions

In a population-based sample of adults aged 45-84 at baseline,
groups that started out with longer telomere length, including younger
people, women, and whites, experienced greater telomere attrition over
a 10-year period than those who started out with shorter telomere
length. After adjusting for baseline telomere length, race/ethnic dif-
ferences in telomere attrition were no longer significant, and age and
sex differences were reversed. These results highlight the significance of
adjusting for baseline telomere length when drawing conclusions about
predictors of telomere attrition. Although controlling for baseline tel-
omere length has become increasingly common in the telomere epide-
miology literature, researchers should carefully consider the pros and
cons of baseline-adjustment, particularly when telomere length is
measured with error (as indicated by a high CV) or when baseline
telomere length is thought to be an intermediate between an exposure
and telomere attrition. To ensure comparability across studies and to
enhance consistency in the field of telomere epidemiology, we strongly
recommend that researchers report results both with and without ad-
justment for baseline telomere length since results may be very dif-
ferent, as shown here. Future studies in MESA should examine telomere
dynamics in relation to health-related outcomes, including cardiovas-
cular events and mortality. This type of work could contribute to the
emerging literature on the potential clinical utility of monitoring the
rate of telomere attrition over time.
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A key advantage of the hybrid model is that it allows estimation of associations of within-person changes in predictors with within-person

changes in the outcome, tightly controlling for observed and unobserved time-invariant characteristics. Further, the hybrid model is able to examine
the effect of baseline factors (e.g., age, sex, and race/ethnicity) on the rate of within-person change in telomere length between Exams 1 and 5
through the inclusion of interaction terms between time since baseline and time-invariant sociodemographic variables. The hybrid model estimates
the difference in measures more efficiently than the simple change score method, particularly when the variances of the two repeated measures differ
(Diggle et al., 2002) because the hybrid model separately models the variance of each repeated measure, and the difference between exams is

weighted to account for the reliability of each measure based on their respective variances. The model is shown below:

Yy = By + By Timey + B, Timej-Agei + By Time;-Male + f,-Time;-AfricanAmerican + g Time;-Hispanic + g

Bio = By + bio

y; Telomere length for individual i at Exam j.

Time,-}: Time (years) since baseline exam (Exam 1) for individual i at Exam j. Time,-;« is centered to individual i’s average follow-up time: Timei;

Time; — Time;. where Time; is the follow-up years and Time;. is the average follow-up years for individual i.
B,: Model intercept representing the population mean for telomere length over two exams.
bio: Individual-level random intercept representing individual specific deviation from the population mean on telomere length over two exams.

B,: Average annual change in telomere length in the population.
B,: Baseline age effect on annual change in telomere length.

B5: Difference in telomere length annual change between men and women.

54:
55:
g;: Unexplained random error term.

Appendix B. Supplementary data

Difference in telomere length annual change between African American and white.
Difference in telomere length annual change between Hispanic and white.

Supplementary material related to this article can be found, in the online version, at doi:https://doi.org/10.1016/]j.psyneuen.2018.12.007.
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