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A B S T R A C T

Previous studies have demonstrated an inverse association between chronic psychosocial stress and leukocyte
telomere length (LTL), a potential marker of cellular aging. However, due to paucity of longitudinal data, re-
sponses of LTL and the LTL aging trajectory to changes in chronic stress exposure remain less well understood.

Using data from the Stress I and II ancillary studies of the Multi-Ethnic Study of Atherosclerosis, we estimated
the 10-year longitudinal (n= 1,158) associations of within-person changes in chronic stress with changes in LTL,
as well as the pooled, cross-sectional associations of chronic stress and LTL (total n= 2,231).

We measured chronic stress from both individual and neighborhood-environment sources. At the individual
level, we calculated a summary score of each participant’s rating of their ongoing (> 6 months) material/social
problems as moderately/very stressful on the Chronic Burden Scale. Neighborhood-level stress was measured
using a summary score of reverse-coded MESA Neighborhood safety, aesthetic quality, and social cohesion
scales. Quantiles of these scores were empirically categorized as high, moderate, or low stress. We then summed
these individual- and neighborhood-level categorical variables for a total stress measure. Longitudinal within-
person associations were estimated with fixed-effects models, which control for all time-invariant confounding,
with additional control for time-varying demographics, lagged behaviors and chronic conditions, and specimen
storage duration, as well as correction for regression to the mean.

Change from low to high total chronic stress was associated with telomere shortening by 0.054 units [95%
confidence interval: −0.095, −0.013] over 10 years. This was consistent with, though stronger in magnitude
than, cross-sectional estimates. Change in individual-level stress was the primary driver of this effect. We also
found suggestive evidence that 1) individuals with persistently high stress experienced the least shortening of
telomeres, and 2) changes in individual-level stress were associated with stronger telomere shortening among
women, whereas changes in neighborhood stress were associated with stronger shortening among men. Our
findings provide longitudinal support to existing evidence, and point to interesting dynamics in telomere at-
trition across stress levels and genders.

1. Introduction

Research suggests many negative health consequences of chronic
stress. Chronic stress is associated with poor physical and mental health
as well as greater susceptibility to infection and diseases associated
with inadequate and overactive immune function (McEwen, 2004;

Quinlan et al., 2014). Chronic stress has long been considered a key link
between low socioeconomic position (SEP) and poor health (Baum
et al., 1999; Geronimus et al., 2015; Matthews et al., 2010; Seeman
et al., 2010; Surtees et al., 2012). Psychosocial stress may impact aging
at the cellular level and telomere attrition is one possible mechanism by
which stress influences downstream biological dysregulation producing
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negative health consequences.
Telomeres are protein-bound DNA complexes that cap chromosomal

tails, preventing chromosomes from fusion and degradation during
mitosis, thus preserving genomic integrity (Armanios and Blackburn,
2012; Blackburn et al., 2006). Telomeres shorten with age, ultimately
leading to cellular senescence: classically, a state of cellular arrest with
no capacity for further division (Allsopp et al., 1992; Aubert and
Lansdorp, 2008; Harley et al., 1990). Telomere length is also associated
with multiple chronic disease processes (Kong et al., 2013), including
obesity, diabetes, cardiovascular disease and mortality (D’Mello et al.,
2015; Fitzpatrick et al., 2007; Rode et al., 2015; Sampson et al., 2006;
Valdes et al., 2005).

Telomeres may represent a pathway by which stress and other ad-
verse exposures get “under the skin” (Epel and Prather, 2018). A large
body of literature supports an inverse association between leukocyte
telomere length (LTL) and psychosocial stress, indicating that in-
dividuals with higher stress have shorter telomeres on average (Mathur
et al., 2016; Oliveira et al., 2016; Quinlan et al., 2014; Theall et al.,
2013). Many previous studies, however, are cross-sectional in nature
and focus on severe forms of psychosocial stress, such as death of a
loved one, job loss, caring for chronically ill children or relatives, in-
timate partner violence and childhood trauma (Jodczyk et al., 2014;
Schaakxs et al., 2015; Starkweather et al., 2014). Less well understood
is the relationship between moderate, chronic psychosocial stress and
cellular aging (Schutte and Malouff, 2014) and whether moderate,
chronic psychosocial stress alters aging-related telomere attrition over
time (Puterman et al., 2016). As telomere length has been linked to
many human diseases (Kong et al., 2013), sustained, moderate stress
acting on telomeres may play an important role in linking socio-
economic disadvantage and health outcomes (Geronimus et al., 2015;
Surtees et al., 2012).

The present study examines the relationship between chronic stress
exposure, measured at both the individual and neighborhood levels,
and LTL in the Multi-Ethnic Study of Atherosclerosis, a longitudinal,
ethnically diverse population-based sample. We assessed the long-
itudinal associations of within-person changes in chronic stress levels
with changes in LTL, as well as the cross-sectional associations of
chronic stress levels and LTL. Further, we explicitly mapped out how
the direction of change in chronic stress since baseline may have driven
the direction of change in telomere length. We hypothesized that
having higher levels of chronic stress would be associated with shorter
telomeres and greater telomere attrition over 10 years.

2. Materials and methods

2.1. Study population

The Multi-Ethnic Study of Atherosclerosis (MESA) is a longitudinal
study of cardiovascular disease among adults aged 45–84 years at
baseline at six field sites (Forsyth County, NC; New York City, NY;
Baltimore, MD; St Paul, MN; Chicago, IL; and Los Angeles, CA) in the
United States. Persons with a history of clinically overt cardiovascular
disease were excluded. The study recruited 6814 participants at base-
line. Baseline assessment was conducted from 2000 to 2002, with four
follow-up waves occurring at approximately 1.5–2 year intervals (Bild
et al., 2002). Telomere length was measured on a subsample of 1295
white, black and Hispanic participants from Stress I and II ancillary
studies examining the effects of stress on cardiovascular outcomes at
baseline and/or exam 5 (approximately 10 years apart; 2590 total LTL
observations). Our cross-sectional analyses pooled data from 1242
participants who had LTL and complete covariate data either at base-
line or at exam 5, resulting in 2231 total observations. For longitudinal
analysis, we included 1029 participants who had LTL and complete
covariate data at both baseline and exam 5. The study was approved by
the Institutional Review Boards at each site and all participants gave
written informed consent.

2.2. Leukocyte telomere length (LTL) (exams 1 & 5)

Telomere length was determined in peripheral blood leukocytes
collected in EDTA tubes taken from participants at Exam 1 and Exam 5,
with DNA extracted using Gentra Puregene Blood kit (Qiagen) and
quantified by NanoDrop (NanoDrop Technologies, Wilmington, DE).
Samples were quality verified by assessing purity using the NanaDrop
Spectrophotometer followed by Picogreen analysis (Molecular Probes,
Eugene, OR). All DNA was of high quality (mean purity A260/
280= 1.77) and of high molecular weight as determined by gel elec-
trophoresis. DNA was stored at −80 °C until further processing. The
samples were shipped on dry ice to UCSF, where assay methods were
employed to determine relative telomere length adapted from Cawthon
(Cawthon, 2002) using the absolute quantification method to obtain the
concentrations of the telomere (T) signal and the single copy gene (S)
signal. Briefly, using a standardized real time quantitative polymerase
chain reaction (qPCR) methodology, 384-well plates were prepared,
placing matching subject samples from each time point together on the
same plate, and run with the following protocol. 8 standard curves were
generated on each plate using 3-fold serial dilution of 8 control DNA
samples from various cancer cell lines and used for normalizing batch to
batch variations. 1 uL of participant DNA samples, at a concentration of
20–30 ng/uL, were denatured at 96 °C for 10min using a buffer con-
sisted of 20mM Tris-HCl, pH 8.4; 50mM KCl, 6 ng/ul of E. coli DNA
stock (Sigma-Aldrich). Each sample well included DNA sample in di-
lution buffer, a master mix made from combining SYBR Green, Pla-
tinum Taq polymerase (Invitrogen), PCR buffer, 50mM MgCl2 (from
Platinum Taq kit), 200 uM dNTP (Roche Applied Science) and DMSO
(Sigma-Aldrich), and primers. The primers for the telomere plate were
as follows tel1b [5′-CGGTTT(GTTTGG)5GTT-3′], used at a final con-
centration of 100 nM, and tel2b [5′-GGCTTG(CCTTAC)5CCT-3′], used at
a final concentration of 900 nM. Primers for the single-copy gene
(human beta-globin) PCR plate (S) were as follows hbg1 [5′-GCTTCTG
ACACAACTGTGTTCACTAGC-3′], used at a final concentration of
300 nM, and hbg2 [5′-CACCAACTTCATCCACGTTCACC-3′], used at a
final concentration of 700 nM. All primers were purchased from IDT
(www.idtdna.com) in standard desalted form. Using the Roche Light-
Cycler 480 for qPCR the plates were run as follows, TEL (T plate): 1 min
at 96 °C; 1 s at 96 °C, 60 s at 54 °C, repeated 30 cycles; HGB (S Plate):
1 min at 96 °C; 15 s at 95 °C, 1 s at 58 °C, 20 s at 72 °C, 8 cycles; followed
by 1 s at 96 °C, 58 °C for 1 s, 72 °C for 20 s, hold at 83 °C for 5, repeat 35
cycles. Crossing point (CP) data was collected for each well (Cp on
Roche LightCycler 480 realtime machine, equivalent to Cq) and used to
generate the estimated concentration of the T and S values using the
standard curve method with one of the control DNA (same for every
plate). Samples were run in triplicate with 0.2% outliners removed. The
following quality control criteria were applied. Each assay run (T and S
runs) have 96 control wells; any assay runs with 8 or more invalid
control wells are considered a failed run and excluded from further
analysis. No run failed for the entire sample set. For each of the 8
control DNAs; slope, intercept, midpoint and r-value are calculated
using the linear regression algorithm from the scipy Python library. R-
values less than 0.95 were considered non-linear, and that particular
control DNA for that run is excluded from further analysis. The control
DNA values were used to normalize for run-to-run variations. Average
of midpoints of valid control DNA dilutions were used as an offset for
the run. One of the control DNA sample, a pooled genomic DNA sample
from 100 female donors (Aldevron, cat# 5085-25, now discontinued)
was used as the reference standard to calculate the T and S con-
centrations of well. Each fully successfully assayed sample has six T/S
values associated with it, assayed three times, on three different days.
The inter-assay CV was 2.9%±2.1%. The 8 standard curves were used
to confirm PCR performance using slope, intercept, midpoint and r-
values, calculated using the linear regression algorithm from the SciPy
Python library. R-values less than 0.95 were considered non-linear, and
that particular control DNA for that run is excluded from further
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analysis. Lab personnel were blind to patient information. The corre-
lation coefficient between baseline (exam 1) and follow-up (exam 5) T/
S ratios was 0.46 overall, and slightly above and below this number
across subgroups by gender (men: 0.38; women: 0.52) and baseline
stress levels (low: 0.42; moderate: 0.51; high: 0.61).

2.3. Chronic stress (exams 1 & 3)

We measured chronic stress from both individual-level and neigh-
borhood-level sources. Because individual-level chronic stress data are
available in MESA only up to exam 3, we assessed both individual and
neighborhood stress (as well as confounders) at exams 1 & 3, instead of
at exams 1 & 5 like LTL. Although having different follow-up periods for
chronic stress and LTL could be considered a limitation, having stress
exposure temporally preceding LTL measurement in the follow-up
period might help mitigate reverse causality concerns.

Individual-level chronic stress was measured via questionnaire at
baseline and exam 3 using the Chronic Burden Scale (Bromberger and
Matthews, 1996; Pilkonis et al., 1985). Respondents were asked to in-
dicate whether they had experienced any ongoing problems in five
domains [health (self), health (loved one), job, relationship, and fi-
nancial problems and if any ongoing problems lasted 6 or more
months]. Respondents rated how stressful each problem was. Re-
spondents were classified as having chronic burden for each of the five
domains if they had experienced the circumstance for at least six
months and it was moderately or very stressful. We summed the
number of domains in which chronic burden was experienced (0, 1, 2 or
more) to estimate overall chronic burden (Mujahid et al., 2011).

Exposure to adverse social conditions within the neighborhood en-
vironment may be a source of chronic stress (Barber et al., 2016;
Kershaw et al., 2015; Mujahid et al., 2011; Steptoe and Feldman, 2001).
Neighborhood-related stress was assessed as a summary score of three
scales developed in the MESA Neighborhood Ancillary Study: neigh-
borhood aesthetic quality (3-item: trash/litter on streets, noise, and
attractiveness), safety (2-item: safety walking day/night, and violence),
and social cohesion (4-item: neighbors willing to help, getting along,
trustworthy, and sharing same values). Construction of the scales has
been described previously (Kershaw et al., 2015; Mujahid et al., 2011,
2007; Needham et al., 2014b). Each original scale was reverse-coded
(so that higher values mean greater stress), standardized across baseline
and exam 3, and then summed to create the summary score of neigh-
borhood stress (Cronbach’s alpha= 0.86).

In the absence of biologically-based demarcations of stress levels,
we converted our continuous scales of chronic stress into meaningful,
data-driven categorical measures that potentially correspond to breaks
in stress association with LTL. This was motivated by the fact that most
of the literature on stress and LTL has focused on severe forms of stress
(Jodczyk et al., 2014; Schaakxs et al., 2015; Starkweather et al., 2014),
suggesting that continuous measures of milder forms of stress, as in this
study, may not be informative, i.e., they would capture LTL associations
with rather small changes in stress, while masking more important
associations with larger, more realistic changes in chronic stress. With
categorical measures, we are capable of documenting LTL responses to
both relatively small and large changes in stress, as well as potential
non-linearity in the effect of stress on LTL. Categorical measures also
facilitate combining the different scales of individual-level and neigh-
borhood-level stress into a total stress measure in a straightforward
manner. To construct our categorical measures, we performed a two-
step process for each of the individual and neighborhood stress scales:
1) modeling LTL association with quantiles of stress in a longitudinal
model with a basic set of covariates (time between exams, specimen
storage duration, and demographics), then 2) collapsing neighboring
stress quantiles with similar magnitudes of association with LTL. This
procedure resulted in the following categorical measures: low (0–1),
moderate (2–3) and high (4–5) levels of the 6-month individual-level
chronic burden scale; and low (−8.25 to −1.90), moderate (−1.91 to

2.14) and high (2.15–7.31) for the neighborhood-level stress scale.
These low/moderate/high levels were coded as 0/1/2. Adding across
individual and neighborhood stress levels, we created a measure of total
stress (range: 0–4), which was then collapsed into a three-level cate-
gorical variable of low (0–1), medium (2) and high (3–4) total chronic
stress based on the magnitude of associations of these stress levels with
LTL. Nonetheless, we assessed LTL associations with the continuous
stress measures (as z scores) in secondary analyses for comparability
with the literature.

Finally, to help unpack how the direction of change in chronic stress
since baseline may have driven the direction of change in LTL in our
longitudinal models, we created stress change variables that explicitly
classify participants’ stress levels as remaining persistently low, mod-
erate, or high; or decreasing, or increasing in magnitude over the 10-
year study period.

2.4. Covariates (exams 1 & 3)

Socio-demographic, behavioral and biomedical information was
collected via questionnaire at exam 1 and exam 3. Demographic cov-
ariates included age, sex, race/ethnicity, education level, time-varying
income-wealth index and marital status. Sex was measured as male
(referent) or female. Self-reported race/ethnicity was categorized as
non-Hispanic black, Hispanic and non-Hispanic white (referent).
Education level was categorized as high school or less, some college
(including Associate’s degree or technical school), or bachelor’s or
graduate degree. We also constructed an income-wealth index (range:
0–8) from participants’ income and wealth data, following Hajat et al.
(2010). Briefly, first a 5-point wealth index was created where one
point was given for ownership of vehicles, homes, land, or investments
(Hajat et al., 2010). Second, an income index was generated using the
midpoint of income categories ranging from $2500 to $112,500, di-
viding by $10,000 and categorized into quintiles (0 poorest, 5 richest)
(Hajat et al., 2010). The income-wealth index was generated by sum-
ming the 5-point wealth index and 5 category income index (Hajat
et al., 2010). The continuous income-wealth index was then categorized
as low (0–2), middle (3–5), and high (6–8). Marital status was cate-
gorized as married or living with partner vs. else.

Behavioral and biomedical factors previously found to be associated
with telomere length were included as potential confounders or med-
iators (Chen et al., 2009; Jeanclos et al., 2000; Ludlow and Roth, 2011;
Nettleton et al., 2008; Strandberg et al., 2011; Valdes et al., 2005).
These variables included current alcohol consumption status (yes/no),
moderate/vigorous physical activity (tertiles of MET/min/week) and
standardized continuous variables for pack-years of cigarette smoking,
daily servings of processed meat, BMI, Spielberger anxiety scale, CES-D
depression scale, systolic and diastolic blood pressure. Additionally,
time-varying indicators for diabetes and cardiovascular disease in-
cidence were included.

2.4.1. Specimen storage duration
DNA samples from baseline and exam 5 were stored for different

periods of time before q-PCR for telomere length was performed.
Baseline samples were stored for a median of 13 years (range
11.85–13.95) while exam 5 samples were stored for a median of 3 years
(range 2.12–3.88). In preliminary analyses, we found storage duration
to be associated with increases in measured T/S ratios in a non-linear
fashion (by 0.13 units/year in 12–14 years of storage; and by 0.06
units/year in 2–4 years of storage). While this observation seems con-
sistent with the sparse literature (Reichert et al., 2017; Tolios et al.,
2015) on specimen storage effects, the mechanism(s) behind this
lengthening remain unclear. We therefore assess the sensitivity of our
findings to adjusting for storage duration using linear and quadratic
terms.
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2.5. Statistical analyses

We first examined cross-sectional associations between stress and
LTL, pooling together baseline and follow-up data, then performed
longitudinal analyses to examine associations of within-person changes
in stress with change in LTL using fixed-effects models. In both sets of
analyses, associations of LTL with each measure of chronic stress ex-
posure (individual, neighborhood, and total) were analyzed separately
in series of pre-specified linear regressions, as detailed below, that
document sensitivity of our main estimates to control/correction for
sources of confounding. In both sets of analyses, the fully-adjusted
“Model 4″ specification provides our main estimates of chronic stress
associations with LTL. Using this same specification, we also explored
how these associations potentially vary by gender. Since our models
involve multiple interaction terms and fixed effects, we recover and
report the average associations of stress and LTL integrated over all
included terms. All analyses were performed in Stata 14.2 (StataCorp,
College Station, TX), and robust standard errors and 95% confidence
intervals (95% CIs) were estimated for all model estimates.

2.5.1. Cross-sectional analyses
In the pooled sample of baseline and follow-up data, we estimated

the cross-sectional associations of chronic stress and LTL, for compar-
ison with the literature. As is well-known, these association are derived
from between-person variation in chronic stress levels, i.e. using in-
dividuals as controls for one another. In the most basic linear regres-
sion, Model 1, we estimated the association of the stress measure with
LTL, adjusting for the MESA exam indicator and its interaction with the
stress measure, allowing the associations to vary in magnitude across
exams. Model 2 additionally adjusted for main confounders, including
age, gender, race/ethnicity, education, income-wealth, and marital
status. Model 3 further adjusted potential confounders, including be-
haviors (consumption of alcohol, tobacco, and processed meat; BMI,
and physical activity), depressive symptoms, anxiety, and incidence of
cancer, diabetes, hypertension, or CVD up until exam 3. Finally, our
main specification Model 4 further adjusts for linear and quadratic
terms of specimen storage duration.

2.5.2. Longitudinal analyses
Prior research shows that analyses of change in LTL may be con-

founded by regression to the mean (RTM), especially in the presence of
large measurement error, which could induce artificially stronger de-
pendence of LTL change on baseline values (Benetos et al., 2013;
Glymour et al., 2005; Verhulst et al., 2013). We corrected our follow-up
LTL measurements for RTM, following the formulas in Barnett et al.
(2005); Linden (2013); and Verhulst et al. (2013). As also observed in
these studies, RTM correction diminishes the dependence of change in
LTL on baseline values in our sample (Fig. 1). Our modeling strategy
shows longitudinal associations of stress and LTL are sensitive to ap-
plying this correction.

We examined the longitudinal associations of chronic stress with
LTL using fixed-effects (FE) models. FE models have been mainstay for
analysis of panel data in the social sciences, offering the unique ad-
vantage of controlling for all observed and unobserved time-invariant
confounding by deriving associations only from within-person changes,
i.e. using each person at t1 as their own control at t2 (Angrist and
Pischke, 2009b; Halaby, 2004; Schempf and Kaufman, 2012). FE
models achieve this control in three equivalent formulations: 1)
Dummy Variables: conditioning on person n – 1 identifiers and esti-
mating person-specific intercepts; 2) Demeaning/“Absorbing”/“Within”
Estimator: modeling changes in the outcome and covariates as devia-
tions from their respective person-specific overall means; or 3) First-
Differencing: manually regressing change in the outcome on change in
covariates. With two periods, as in our data, these formulations are
identical. Gunasekara et al. (2013) provide a very useful tutorial on FE
models.

Because of the sweeping control for confounding, the FE model is
superior for analyzing longitudinal effects than the random-effects
model, generalized estimating equations, and the traditional “change-
score” model which typically regresses outcome change on exposure
and covariates (e.g. (Bateson et al., 2018)), all of which mix between-
and within-person effects in various ways and remain vulnerable to
unobserved confounding. Further, the FE model likely mitigates con-
founding by RTM. That is because FE models are similar to ANCOVA
models in effectively mean-centering exposure and covariates (Angrist
and Pischke, 2009b; Rabe-Hesketh and Skrondal, 2012), and ANCOVA
models have been shown to reduce RTM (Barnett et al., 2005; Linden,
2013). Notwithstanding these advantages, one main downside to FE
models is that their power to detect effects inherently hinges on the
extent of changes in the exposure; individuals who do not experience
change overtime do not contribute to the estimated associations. This is
likely an issue for analyses of changes in neighborhood stress which
tends to be stable over time.

In a similar fashion to the cross-sectional models above, we ana-
lyzed the longitudinal associations of within-person changes in chronic
stress with within-person changes in LTL in a series of FE linear re-
gression models. In a hierarchical dataset with two observations for
each person, our base model (Model 0) simply regressed observed time-
varying T/S ratios on time-varying stress exposure, adjusting for per-
sons’ FEs. Model 1 was identical to Model 0 but used instead RTM-
corrected T/S ratios, documenting how the association responds to this
correction. Building on Model 1, Model 2 adjusted time-varying main
demographic confounders, including income-wealth and marital status.
Time-invariant confounders, e.g. gender and race, are already adjusted
via the FEs and cannot be individually added to the model since they
are perfectly collinear with the FEs. Model 3 further added potential
time-varying confounders, including behavioral and psychosocial fac-
tors and incident conditions. Model 4, our main specification, further
controls for linear and quadratic terms of specimen storage duration.
We could not adjust for potential confounding related to baseline LTL in
our FE models; to be properly performed to avoid substantial down-
ward bias, such adjustment would require at least three observations
per person (Angrist et al., 2009a), which our dataset unfortunately
lacks. However, the extent of confounding control and RTM correction
in our FE models address major sources of confounding and possibly
obviate the need for baseline LTL adjustment.

Finally, since our main FE models average over all changes in stress,
we replaced the time-varying stress measure in a secondary Model 4
specification with a time-interacted stress measure that explicitly
modeled the direction of change in stress (persistently low, moderate,
high; decreasing; increasing) to help unpack how the direction of
change in chronic stress since baseline may have driven the direction of
change in LTL.

3. Results

3.1. Sample characteristics

The cross-sectional and longitudinal sample characteristics are
shown in Table 1. The average age at baseline was 61 years and 53%
were female. The sample was racially and socioeconomically diverse
with a non-white majority (29% non-Hispanic Black, 43% Hispanic)
and a range of educational levels (41% less than college, 30% some
college, 30% college or higher). In terms of behavioral and biomedical
characteristics at baseline, 57% consumed alcohol, the mean pack-years
of cigarettes smoked was 8.51 years and the sample BMI mean was
29 kg/m2. The mean Spielberger anxiety score was 15.8 and the mean
CES-D score was 7.9. Hypertension was common (44%), but only 13%
had diabetes and 6% reported a cancer diagnosis.

Most participants had low individual-level (68%) and total (59%)
chronic stress score, however, 51% had moderate and 25% had high
neighborhood stress. In the longitudinal sample, while 32%
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experienced some change in their individual-level stress, only 3% ex-
perienced change in neighborhood-level stress. Change in total stress
was experienced in 26% of participants. Observed mean LTL decreased
over the 10-year follow-up period by about 0.2 units. LTL attrition rate
was slightly larger in magnitude among women than men, and smaller
among blacks than whites (data not shown). Approximately 66% of the
sample experienced telomere attrition, defined as LTL decrease greater
than 15% from baseline (van Ockenburg et al., 2015), while only 2.5%
of the sample’s telomeres lengthened (LTL increase greater than 15%).

3.2. Cross-sectional association of stress with telomere length

Pooled cross-sectional associations, adjusted for interdependence of
the samples, of chronic stress with LTL are shown in Table 2. In com-
parison with participants under mild or no overall chronic stress, those
with moderate total stress had shorter telomeres, by about 0.022 units
[95%CI: −0.038, −0.007] (about 2.7% shorter), whereas those with
high total stress had shorter telomeres by about 0.036 units [−0.059,
−0.012] (about 4.4% shorter) (Table 2; Model 4). Participants with
high individual-level chronic stress had shorter telomeres by about
0.028 units [−0.060, 0.006] relative to their low-stress counterparts.
Neighborhood stress was also associated with LTL to a similar degree.
These associations were generally robust to covariate adjustment
(Table 2; Models 2–4), although control for specimen storage slightly
changed estimates in apparently different directions by stress level.
These patterns were also evident in models employing z scores of
continuous stress measures (Supplemental Table 1), albeit with much
smaller magnitudes than even low-to-moderate stress comparisons.

3.3. Longitudinal association of within-person change in stress with change
in telomere length

Adjusted longitudinal associations from the FE models are shown in

Table 3. It is first important to note that these are strictly within-person
associations, inherently driven by those who experienced changes in
stress levels between baseline and follow-up exams. For a given person,
change from low total stress to high total stress was associated with LTL
shortening by 0.054 units [−0.095, −0.013] (about 5.9% shorter),
whereas change to moderate stress was associated with shortening by
only 0.010 units [−0.035, 0.016] (about 1.1% shorter) (Table 3; Model
4). These changes were likely driven by changes in individual-level
stress, which on their own were associated with LTL attrition to com-
parable degrees. Change from low to high neighborhood stress was
associated with LTL shortening by 0.021 units [−0.115, 0.073],
whereas change to moderate stress was associated with lengthening by
0.015 units [−0.073, 0.103] (Table 3; Model 4). These associations
with changes in neighborhood stress were very imprecise, likely due to
the limited change (only ˜3%) in the data. RTM correction appears to
have had mixed effects on the associations, driving some away (in-
dividual stress) while others towards (neighborhood stress) the null
(Model 0 vs. Model 1). Covariate adjustment (Models 1–3) had gen-
erally small effects on the associations, except for neighborhood asso-
ciations which were not stable. Control for storage duration (Model 4)
had a similar effect as in the cross-sectional models. These patterns
were once again similar to those observed in the FE models with z
scores of stress measures, but those estimates were rather small and
imprecise (Supplemental Table 2).

In the secondary Model 4 specification using the measures with
directional change in stress (Fig. 2), we found the greatest shortening to
have occurred among those who experienced increased stress (black
bar), followed by those who had persistently low stress (dark gray bar).
On the other hand, those with persistently high stress since baseline ap-
pear to have experienced the least shortening of all (lightest gray bar).
Estimates of these changes, however, are very imprecise.

Fig. 1. Correlation between baseline and change in telomere length (T/S ratio) by total baseline stress, with and without correcting for regression to the mean (RTM).
Correction for RTM diminishes the strong negative correlation between baseline and change in the T/S ratio: overall (-0.73 to 0.17), low-stress (-0.74 to 0.20),
moderate-stress (-0.73 to 0.12), and high-stress (-0.72 vs. 0.01).
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Table 1
Characteristics of the Multi-Ethnic Study of Atherosclerosis (MESA) telomere length study samples in pooled cross-sectional and longitudinal analyses.

Pooled Cross-Sectional Analysis Longitudinal Analysis

Baselinea Follow-Upa Overall Baselinea Follow-Upa

N Observations 1,096 1,135 2231 1029 1029
N Persons 1242 1029
Observed Telomere Length
T/S ratio, mean 0.92 0.71 0.81 0.92 0.71
T/S ratio change from baseline,b %
Stable 31.56 31.59 31.58 n/a 31.49
Attrition, > 15% 66.01 65.98 66 n/a 65.99
Lengthening, > 15% 2.42 2.42 2.42 n/a 2.53
Sample storage duration (years), mean 12.94 3.18 7.98 12.96 3.17
Chronic Psychosocial Stressc

Total chronic stress score, mean 1.37 1.34 1.36 1.38 1.34
Individual-level stress: 6-month chronic burden score, mean 1.15 1.1 1.13 1.17 1.09
Neighborhood stress, mean 0.01 −0.04 −0.02 0.05 −0.01
Total chronic stress, %
Low 59.31 58.5 58.9 58.99 58.21
Moderate 29.2 31.98 30.61 29.15 32.65
High 11.5 9.52 10.49 11.86 9.14
Individual-level stress: 6-month chronic burden score, %
Low 68.07 69.25 68.67 67.54 70.36
Moderate 27.55 26.26 26.89 28.09 25.17
High 4.38 4.49 4.44 4.37 4.47
Neighborhood stress, %
Low 24.18 25.02 24.61 24 24.39
Moderate 51.37 50.75 51.05 51.02 51.12
High 24.45 24.23 24.34 24.98 24.49
Stress level changed since baseline, %
Total stress 26.14
Individual-level stress 31.97
Neighborhood stress 3.30
Demographics
Age (years), mean 60.77 69.96 65.44 60.62 70.07
Female 52.83 55.24 54.06 52.96 52.96
Married/living with partner, % 58.12 58.94 58.54 58.7 58.9
Race/Ethnicity, %
Non-Hispanic White 27.01 27.75 27.39 27.41 27.41
Non-Hispanic Black 29.29 29.43 29.36 28.09 28.09
Hispanic 43.7 42.82 43.25 44.51 44.51
Education, %
≤ College 40.78 39.74 40.25 40.43 40.43
Some College 29.93 30.31 30.12 30.03 30.03
≥ Bachelor's Degree 29.29 29.96 29.63 29.54 29.54
Income-wealth index, %
Low (0-2) 27.28 27.22 27.25 27.11 27.69
Middle (3-5) 37.59 37 37.29 37.71 36.11
High (6-8) 35.13 35.77 35.45 35.18 36.2
Behavioral & Biomedical Covariates
Alcohol: currently using, % 57.12 49.43 53.2 57.73 50.24
Pack-years of cigarettes smoked, mean 8.51 8.89 8.71 8.27 8.55
Processed meat (daily servings), mean 0.18 0.19 0.19 0.18 0.2
Body mass index, mean 29.08 29.12 29.1 29.04 29.1
Moderate/vigorous physical activity (tertiles of MET/min/week), %
Low 31.39 35.24 33.35 31.39 35.08
Middle 34.22 33.83 34.02 34.11 33.92
High 34.4 30.93 32.63 34.5 31
Spielberger anxiety score, mean 15.8 15.54 15.67 15.82 15.53
Depressive symptoms (CESD score), mean 7.86 8.35 8.11 7.85 8.31
Systolic blood pressure, mean 124.33 121.86 123.07 124.07 121.89
Diastolic blood pressure, mean 71.88 69.72 70.78 71.78 69.83
Hypertension (at or before this point), % 43.98 53.48 48.81 43.15 53.55
Diabetes (at or before this point), % 12.68 17 14.88 12.63 17.49
Cardiovascular eventd (at or before this point), % 0 1.32 0.67 0 1.46
Cancer diagnosis (at or before this point), % 6.11 8.63 7.4 6.03 8.75

CES-D: Center for Epidemiologic Studies 20-item Depression score; MET: metabolic equivalents.
a Baseline is Exam 1 for all measures. Follow-up period is: Exam 5 for telomere length, age, and processed meat consumption data; Exam 4 for cigarettes pack-

years; and Exam 3 for all other measures.
b We used a 15% cutoff to classify percent changes in T/S ratio as attrition/lengthening, following van Ockenberg et al 2015.
c See text for description of construction of stress measures.
d Cardiovascular event refers to myocardial infarction or stroke from clinical event data.
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3.4. Associations by gender

Cross-sectional associations were generally similar by gender, with
the exception of high neighborhood-level stress, which was associated
with shorter LTL in men than in women,−0.046 [−0.075,−0.016] vs.
−0.014 [−0.041, 0.013], respectively (Table 4). This latter pattern

was also apparent in within-person longitudinal analyses (Table 5). On
the other hand, within-person analyses also revealed that increases in
individual-level stress over time were associated with a stronger mag-
nitude of telomere attrition among women than among men. For ex-
ample, change from low to high stress was associated with LTL short-
ening by 0.077 units [−0.128, −0.025] in women vs. only by −0.015

Table 2
Adjusted cross-sectional associations of chronic stress with telomere length in the Multi-Ethnic Study of Atherosclerosis.

Model 1 Model 2 Model 3 Model 4
Main Model

Among participants with …. stress, relative to those at low stress, T/S ratio was different (shorter/longer) by a mean of … units
Total Stress
Low Ref Ref Ref Ref
Moderate −0.019† −0.024‡ −0.026‡ −0.022‡

[−0.035,−0.003] [−0.040,−0.008] [−0.042,−0.010] [−0.038,−0.007]
High −0.005 −0.031‡ −0.033‡ −0.036‡

[−0.028,0.019] [−0.054,−0.008] [−0.057,−0.009] [−0.059,−0.012]
Individual Stress
Low Ref Ref Ref Ref
Moderate 0.005 −0.010 −0.011 −0.010

[−0.011,0.022] [−0.026,0.006] [−0.027,0.006] [−0.026,0.006]
High 0.005 −0.027 −0.027 −0.027

[−0.030,0.039] [−0.060,0.005] [−0.062,0.007] [−0.060,0.006]
Neighborhood Stress
Low Ref Ref Ref Ref
Moderate 0.000 0.009 0.010 0.005

[−0.018,0.017] [−0.009,0.027] [−0.008,0.028] [−0.012,0.022]
High −0.025† −0.026† −0.027† −0.028‡

[−0.045,−0.005] [−0.048,−0.005] [−0.049,−0.006] [−0.049,−0.007]
N Observations 2231
N Persons 1242

Listed estimates are averaged over modeled interactions. Each stress exposure type (individual, neighborhood, total) was studied in separate model sets.
Model 1: Stress exposure, MESA Exam indicator, and their interaction.
Model 2: Model 1 + Demographics (age, gender, race/ethnicity, education, income-wealth, marital status).
Model 3: Model 2 + Behaviors, depressive symptoms, anxiety, and incidence of cancer, diabetes, hypertension, or CVD up until exam.
Model 4: Model 3 + specimen storage duration (linear and quadratic terms).
*p < 0.10, † p < 0.05, ‡ p < 0.01. 95% confidence interval in brackets.

Table 3
Adjusted 10-year, within-person associations of change in chronic stress with change in telomere length in the Multi-Ethnic Study of Atherosclerosis.

Model 0 Model 1 Model 2 Model 3 Model 4
Main Model

Within a given person, change from low stress to … Is associated with a mean change in the T/S ratio of … units
Total Stress
Low Ref Ref Ref Ref Ref
Moderate −0.030 −0.015 −0.015 −0.017 −0.010

[-0.073,0.013] [-0.041,0.010] [-0.041,0.010] [-0.044,0.009] [-0.035,0.016]
High −0.002 −0.051† −0.051† −0.050† −0.054†

[-0.067,0.064] [-0.093,-0.009] [-0.093,-0.009] [-0.094,-0.007] [-0.095,-0.013]
Individual Stress
Low Ref Ref Ref Ref Ref
Moderate 0.011 −0.018* −0.017 −0.017 −0.017

[-0.022,0.044] [-0.038,0.003] [-0.038,0.004] [-0.038,0.005] [-0.037,0.004]
High −0.048 −0.053† −0.054† −0.050† −0.055†

[-0.120,0.025] [-0.098,-0.007] [-0.100,-0.007] [-0.099,-0.002] [-0.101,-0.010]
Neighborhood Stress
Low Ref Ref Ref Ref Ref
Moderate 0.097 0.054 0.059 0.033 0.015

[-0.046,0.240] [-0.032,0.140] [-0.031,0.149] [-0.058,0.124] [-0.073,0.103]
High 0.094 0.001 0.005 −0.018 −0.021

[-0.063,0.251] [-0.093,0.095] [-0.090,0.101] [-0.114,0.079] [-0.115,0.073]
N Observations 2,058
N Persons 1029

Listed estimates are averaged over modeled interactions. Each stress exposure (individual, neighborhood, total) was analyzed in separate model sets.
Model 0: Time-varying stress exposure (Exams 1/3), with participant fixed effects.
Model 1: Model 0 with follow-up T/S corrected for regression to the mean.
Model 2: Model 1 + Time-varying (Exams 1/3) demographics (income-wealth, marital status).
Model 3: Model 2 + Time-varying (Exams 1/3) behaviors, depressive symptoms, anxiety, and incidence of cancer, diabetes, hypertension, or CVD.
Model 4: Model 3 + specimen storage duration (linear and quadratic terms).
* p < 0.10, † p < 0.05, ‡ p < 0.01. 95% confidence interval in brackets.
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units [−0.084, 0.053] in men (Table 5). These gendered patterns,
however, are exploratory and should be interpreted with caution given
the low power in our data.

4. Discussion

The inverse relationship between stress and LTL is supported by a
wide body of research, yet longitudinal evidence remains limited. In
this study, we examined the cross-sectional associations as well as the

Fig. 2. 10-year change in telomere length (T/S ratio) by change in chronic stress in the Multi-Ethnic Study of Atherosclerosis. Change in T/S was corrected for
regression to the mean (RTM). Plotted estimates were recovered from a specification similar to fixed-effects Model 4 (Table 3) using directional change in stress
interacted with time since baseline, instead of time-varying stress. The model further adjusted for time-varying demographics (income-wealth and marital status),
time-varying behaviors, depressive symptoms, anxiety, and incidence of cancer, diabetes, hypertension, or CVD, and specimen storage duration (linear and quadratic
terms).

Table 4
Adjusted cross-sectional associations of chronic stress with telomere length by gender in the Multi-Ethnic Study of Atherosclerosis.

All Men Women Difference

Total Stress
Low Ref Ref Ref Ref
Moderate −0.022‡ −0.022* −0.022† 0.000

[-0.038,-0.007] [-0.044,0.000] [-0.043,-0.001] [-0.030,0.029]
High −0.036‡ −0.046† −0.030† 0.016

[-0.059,-0.012] [-0.085,-0.007] [-0.058,-0.002] [-0.031,0.063]
Individual Stress
Low Ref Ref Ref Ref
Moderate −0.010 −0.002 −0.016 −0.014

[-0.026,0.006] [-0.026,0.022] [-0.037,0.004] [-0.045,0.017]
High −0.027 −0.024 −0.029 −0.006

[-0.060,0.006] [-0.077,0.029] [-0.071,0.012] [-0.071,0.060]
Neighborhood Stress
Low Ref Ref Ref Ref
Moderate 0.005 0.001 0.009 0.008

[-0.012,0.022] [-0.023,0.026] [-0.014,0.032] [-0.025,0.041]
High −0.028‡ −0.046‡ −0.014 0.032*

[-0.049,-0.007] [-0.075,-0.016] [-0.041,0.013] [-0.006,0.070]
N Observations 2231 1,025 1,206 2231
N Persons 1242 563 679 1242

Associations by gender were estimated from pooled cross-sectional Model 4 (Table 2), with stress measure interacted with gender.
Listed estimates are averaged over modeled interactions. Each stress exposure type (individual, neighborhood, total) was analyzed in separate model sets.
* p < 0.10, † p < 0.05, ‡ p < 0.01. 95% confidence interval in brackets.
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effects of within-person changes in chronic psychosocial stress on
changes in telomere length over 10 years. We hypothesized that having
greater chronic stress would be associated with shorter telomeres and
greater telomere attrition over 10 years. In the cross-sectional analyses,
higher chronic stress was associated with shorter LTL, consistent with
the literature and previous research in MESA (Needham et al., 2014a;
Oliveira et al., 2016).

In the longitudinal fixed-effects analyses, a more nuanced picture of
the relationship between change in stress and change in telomere length
emerged. First, consistent with our hypothesis and the literature,
within-person change from low to high stress was associated with siz-
able telomere shortening, by about 6% relative to baseline. This was
primarily driven by changes in individual-level chronic stress and ro-
bust to covariate adjustment. Second, when we attempt to unpack these
effects by the direction of change in stress, separating out those who
remained exposed to the same level of stress as at baseline from those
whose stress levels improved or worsened, we found the greatest
shortening among those who had experienced worsening stress, once
again consistent with our main findings. However, we also found sug-
gestive evidence that individuals with persistently high stress over 10
years experienced less LTL attrition than individuals with persistently
low stress, which seems counter to our hypothesis, main findings, and
the literature more broadly. Nonetheless, there are several possible
explanations for this observation. This observation may be due to the
fact that individuals with higher baseline chronic stress have shorter
telomeres at baseline to begin with than those with less severe or no
chronic stress, leaving little room for further shortening (Nordfjall
et al., 2009; Verhulst et al., 2013). Indeed, our cross-sectional findings
and the literature indicate exactly that: those at higher stress have
shorter telomeres. Further, LTL attrition has been found to be asso-
ciated with baseline LTL in longitudinal studies even after accounting
for regression to the mean effect, potentially because longer telomeres
are a target for damaging agents, (Aviv et al., 2009; Revesz et al., 2016;
Shalev et al., 2013; Verhulst et al., 2013). Another possibility is that
those with persistently high stress have activated cellular coping me-
chanisms, such as telomerase activity, to maintain telomere length and
healthy cell function. Studies have demonstrated that stress is asso-
ciated with increased telomerase activity in both animal models and
humans (de Punder et al., 2016; Beery et al., 2012; Epel et al., 2010).
Thus, individuals with higher persistent stress may present with less
telomere attrition over time due to increased telomerase activity

compared to their less stressed peers. Lastly, due to availability of data,
this study has measured stress trajectories from MESA exams 1 and 3
and telomere trajectories from exams 1 and 5. Stress measurements
were not available at exam 5. The imperfect correlation of stress and
telomere change measurements may mean that stress trajectories ex-
amined in this study may have misclassified individuals relative to their
true stress levels at exam 5. Additional longitudinal studies of telomere
attrition in relation to stress and other environmental exposures are
necessary to confirm our observations and lend greater insight into
drivers of telomere shortening and maintenance.

Previous studies, including in MESA, have found gender differences
in adult telomere length (Diez Roux et al., 2009; Needham et al., 2014c;
Sanders and Newman, 2013). Less well understood is whether gender
modifies the association between chronic stress and LTL. Indeed ex-
isting studies report conflicting result with no difference in the stress-
LTL association by gender (Mathur et al., 2016), a greater effect in men
(Li et al., 2017) and a greater effect in women (Needham et al., 2015).
In exploring whether the association of chronic stress and LTL asso-
ciations differ by gender, we found suggestive evidence that increasing
individual-level stress was associated with greater telomere attrition
among women, whereas increasing neighborhood stress was associated
with greater telomere attrition among men. While these patterns need
to be interpreted with caution due to the limited power in our analysis
(Gelman and Carlin, 2014), they are worthy of further exploration.
Though the current literature is varied, it is possible that the influence
of gender on the association between stress and telomere length de-
pends upon the nature and measurement of the stress exposure (i.e.,
acute, chronic, perceived stress, financial stress, social stress, trauma,
etc.), the timing of the stress exposure during the lifecourse, and may be
buffered health behaviors (Shalev et al., 2013). Indeed, women may be
more susceptible to certain stress exposures than men (Koch et al.,
2017), as we found in our analysis. Evidence supports differences by
gender in activation of the hypothalamic-pituitary-adrenal (HPA) axis,
sympathetic nervous system, and behavioral outcomes in response to
stress (Bekhbat and Neigh, 2018). In addition, the influence of chronic
stress on inflammatory, oxidative, and cortisol responses may vary by
gender (Bekhbat and Neigh, 2018), producing differences in telomere
attrition between men and women. Unfortunately, many studies with
large sample sizes do not report their findings on stress and telomere
attrition by gender (Puterman et al., 2016). Further research on gender
differences in telomere attrition associated with stress exposures are

Table 5
Adjusted 10-year within-person associations of change in chronic stress with change in telomere length by gender in the Multi-Ethnic Study of Atherosclerosis.

All Men Women Difference

Total Stress
Low Ref Ref Ref Ref
Moderate −0.010 0.010 −0.025 −0.035

[-0.035,0.016] [-0.033,0.052] [-0.060,0.010] [-0.090,0.020]
High −0.054† −0.015 −0.077‡ −0.062

[-0.095,-0.013] [-0.084,0.053] [-0.128,-0.025] [-0.146,0.022]
Individual Stress
Low Ref Ref Ref Ref
Moderate −0.017 0.002 −0.026* −0.028

[-0.037,0.004] [-0.031,0.035] [-0.053,0.001] [-0.071,0.015]
High −0.055† 0.015 −0.098‡ −0.113†

[-0.101,-0.010] [-0.069,0.099] [-0.158,-0.038] [-0.214,-0.012]
Neighborhood Stress
Low Ref Ref Ref Ref
Moderate 0.015 −0.014 0.017 0.031

[-0.073,0.103] [-0.140,0.111] [-0.087,0.121] [-0.131,0.193]
High −0.021 −0.159 0.005 0.164

[-0.115,0.073] [-0.360,0.042] [-0.132,0.141] [-0.076,0.404]
N Observations 2,058 946 1,072 2,018
N Persons 1029 484 545 1029

Associations by gender were estimated from fixed-effects Model 4 (Table 3), with stress measure interacted with gender.
Listed estimates are averaged over modeled interactions. Each stress exposure type (individual, neighborhood, total) was analyzed in separate model sets.
* p < 0.10, † p < 0.05, ‡ p < 0.01. 95% confidence interval in brackets.
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needed to better understand these complex interactions.
Interestingly, our study may provide a preliminary indication that

reducing chronic stress levels over time lessens the LTL aging trajectory
relative to increasing stress levels over time. Over 10 years, individuals
who have decreased stress have telomere aging rates that are smaller
than their counterparts with increasing chronic stress and comparable
to those with persistently low or no chronic stress. Though our analysis
is limited by small numbers of highly stressed individuals, stress re-
duction is a common intervention to improve health and further re-
search into the effect of stress reduction on LTL aging trajectory is
needed (Epel, 2012; Ornish et al., 2013).

While associations of individual and neighborhood stress are com-
parable in cross-sectional models, individual-level stress seems to be
driving longitudinal associations, likely reflecting the little within-
person changes over time in neighborhood stress. This latter point also
explains the imprecision of neighborhood estimates in the longitudinal
models.

The measurement of chronic stress has been noted as a limitation to
previous studies of chronic stress and LTL. Caregiving, poverty and
violence, among others, have all been used as proxies for chronic stress
exposure (Oliveira et al., 2016; Quinlan et al., 2014). However, the
variability across studies in the timing, duration, or detailed measure-
ment of chronic stress exposure does not capture the full range of
stressors operating at different levels and limits inference from the
collective literature. We assess stress at both the individual and
neighborhood levels, as well as create a total chronic stress burden
measure to more fully capture stress exposure. Previous work in the
MESA Stress Study has shown that these stress measures have good
internal consistency and test-retest reliability, therefore, we hypothe-
size minimal bias of stress measures in the present study (Mujahid et al.,
2011).

This study has many strengths. We used a large, multi-ethnic, po-
pulation based sample (as opposed to a caregiver sample) to conduct a
longitudinal study of moderate, chronic psychosocial stress and telo-
mere attrition. The ten-year follow-up duration allows us to determine
that the estimated telomere attrition rate has negligible error due to
measurement variability and is not an artifact of short-term dynamics in
telomere length (De Meyer et al., 2008). LTL was measured in a la-
boratory with extensive telomere length measurement experience in
both clinical and population studies. Further, fixed-effects models es-
timated the association between within-person change in stress level
and telomere length change while inherently controlling for all time-
invariant confounding. Last, the rich MESA data allowed us to examine
and control for morbidities, such as depression, to isolate the associa-
tion between stress and LTL independent of these factors.

This study also has limitations. Inherent in any longitudinal study is
the differential storage time of biological samples. Baseline samples in
our study had an average of 13 years in freezer storage while follow-up
samples were stored an average of 3 years. Measured apparent TL has
been found to lengthen over time in freezer storage (Reichert et al.,
2017; Tolios et al., 2015), and the additional years of storage for
baseline samples compared to follow-up samples could cause an un-
derestimation of the overall LTL aging effect (within-person attrition)
and between-person differences. To address this potential source of
bias, our modeling strategy adjusts for storage time using linear and
quadratic terms. While our estimates are only slightly affected by ad-
justment for storage time, more research is needed to better understand
the complex nature of telomere erosion to ensure longitudinal change is
not an artifact of laboratory processes.

Our study evaluated longitudinal chronic stress exposure in middle
age and previous studies have linked childhood stressful exposures to
adult telomere length, warranting future work connecting stressful ex-
posures over the lifecourse to telomere attrition in adulthood. Further,
future work should examine the role of early life stress exposure as a
modifier of the biological consequences (telomere attrition) of mid-life
stress exposure. Lastly, there is a need to evaluate the potential

protective factors that might buffer the effect of chronic stress on LTL,
such as wealth, income equality and social networks, in longitudinal
studies (Oliveira et al., 2016).

5. Conclusion

We examined whether chronic psychosocial stress was long-
itudinally associated with LTL changes over time in a diverse, well-
characterized cohort of middle-aged individuals. Our findings corro-
borate existing evidence that those exposed to higher stress have
shorter telomeres, and provide strong longitudinal evidence that wor-
sening stress exposure is associated with shortening of telomeres, in-
dependent of all time-invariant confounding. Changes in chronic stress
acting on telomeres may be one way in which our exposome gets
“under the skin” to influence our health, though further longitudinal
research is necessary to better understand telomere dynamics in re-
sponse to stress over time and across genders and population sub-
groups.
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