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Inconsistent associations between smoking and telomere length (TL) have been reported in epidemiologic
studies, perhaps because of the time-varying nature of smoking behaviors. We estimated the associations of
TL, which was measured by quantitative polymerase chain reaction using saliva DNA, with concurrent and past
smoking status reported biennially for up to 16 years before TL measurement in 5,624 participants in the Health
and Retirement Study (1992–2008). Smoking was associated with reduced TL when we used prospective data
on smoking statuses among men and women, but the association was strongly attenuated among men in cross-
sectional analyses. This attenuation was largely due to a higher rate of smoking cessation during the study period
among men with shorter TL than among men with longer TL. Short TL was also associated with poorer overall
health in men, which suggests that male smokers with short TL were more likely to quit smoking because of poor
health. Analyses of years since cessation, smoking duration, and pack-years of smoking all support the hypothesis
that increased cigarette use shortens TL. Our results provide a potential explanation for the inconsistent associa-
tions between smoking and TL reported in previous cross-sectional studies. Time-varying associations should be
considered in future studies of smoking behavior, TL, aging, and disease risk.

aging; Health and Retirement Study; sex; smoking; smoking cessation; telomere length

Abbreviations: HRS, Health and Retirement Study; TL, telomere length.

Telomeres are DNA-protein complexes at chromosome
ends that protect DNA from damage. Shortening of the
DNA component of telomeres occurs with cell division,
with average leukocyte telomere length (TL) decreasing by
approximately 25 to 50 base pairs per year in adults (1). TL
has been studied extensively as a biomarker of aging and
susceptibility to age-related diseases, including cardiovascu-
lar diseases, cancers, and neurocognitive diseases (2–5).

Cigarette smoking results in exposure to free radicals
and reactive oxygen species, which leads to increased oxi-
dative stress and inflammation (6). Both processes have
also been linked to TL shortening (7–9), leading to the
hypothesis that smoking promotes TL shortening (10).
However, epidemiologic reports of smoking and TL have
been inconsistent; in some studies, investigators report-
ed shorter TL associated with smoking (11–20), whereas
others found no association (21–26). This inconsistency
has also been seen in studies of smoking and longitudinal

measures of TL attrition, with associations between smok-
ing and TL shortening seen in some studies (17, 18)
but not in others (19, 20). Furthermore, a study of older
men in Finland (27) found that smoking during midlife
was associated with short TL measured later in life but
that smoking was not associated with TL in cross-
sectional analyses conducted in later life, which suggests
that the timing of smoking behavior assessment may be
important.

In the present study, we examined the associations of TL
measured in 2008 with both concurrent smoking and prior
smoking reported every 2 years for up to 16 years before
TL measurement among 5,624 participants in the Health
and Retirement Study (HRS), a population-based study of
subjects 50 years of age or older in the United States.
Because both TL (28–30) and smoking behavior (31, 32)
vary by sex, we further examined whether the association
between smoking and TL also varied by sex.
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METHODS

Study participants

The HRS is a nationally representative longitudinal study
of more than 26,000 subjects who are 50 years of age or older
(33). The study is sponsored by the National Institute on
Aging and conducted by the University of Michigan (34).
Investigators collect individual-level information on social,
economic, and physical health characteristics every 2 years,
beginning in 1992. At wave 9 (2008), saliva was collected
from a subset of individuals to obtain DNA using an Oragene
self-collection kit (DNA Genotek, Kanata, Ontario, Canada).

TL measurement

TL was measured using quantitative polymerase chain
reaction in saliva samples (n = 5,808) from which DNA was
extracted. In brief, TL was measured by comparing telomere
sequence copy number to a single-copy gene copy number,
with the resulting ratio (hereafter referred to as the T/S ratio)
being proportional to the mean TL of a sample. Assays were
run either in duplicate or triplicate, with a coefficient of varia-
tion of 2.1% between the 2 procedures. Sample replicates
with a coefficient of variation greater than 12.5% were re-
assayed. Control DNA from 3 cancer cell lines were included
on each plate, resulting in interplate assay coefficients of vari-
ation ranging from 3.5% to 6.3%. Additional details are avail-
able in the 2008 Telomere Length Data Documentation (34).

To reduce skewness, TL was (natural) log transformed.
Subjects with log-transformed TLs that were more than 3
standard deviations from the mean (n = 66) and subjects
younger than age 50 years at the time of enrollment (part-
ners of original subjects; n = 118) were excluded before the
analyses, resulting in 5,624 remaining subjects. Because the
log-transformed TL distribution was still not normally dis-
tributed (skewness = −0.50, kurtosis = 6.69), we repeated
the analyses using a normal-quantile transformation of TL.

Smoking status and covariates

At each wave, data were collected on smoking status
(never, former, or current smoker) and number of cigarettes
smoked per day for current smokers (<10, 10–19, or ≥20).
Also collected at least once during the study for each partici-
pant were data on years of smoking initiation and smoking
cessation (if applicable). From the available data, we con-
structed 4 variables: 1) For subjects who were smokers in
their first wave, we created a binary variable for quitting dur-
ing the observation period, to which we refer as “recent
smoking cessation”; 2) for all individuals who were former
smokers at wave 9, we created a “years since smoking cessa-
tion” variable that represented years since quitting relative to
wave 9 (<20, 20–29, or ≥30) and captured historical smok-
ing cessation across the lifetime; 3) for ever smokers, we cre-
ated a “smoking duration” variable in years (<20, 20–39, or
≥40) using the reported year of smoking initiation and year
of smoking cessation (or 2008 for those who still smoked in
wave 9); and 4) although data on smoking intensity prior to
the study was not collected, for individuals who smoked

during the study, we calculated “on-study” pack-years of
smoking (<5, 5–9, or ≥10). We imputed missing numbers of
cigarettes smoked per day for each wave by carrying forward
the last observation. Estimated lifetime pack-years of smok-
ing, which were determined by assuming the smoking inten-
sity before enrollment was the same as the lifetime maximum
smoking intensity, were also investigated.

Other covariates were age, sex, race, educational level,
income-to-poverty ratio (i.e., ratio of household income to
the poverty threshold for household size), body mass index,
alcohol consumption (0, 1–6, or ≥7 drinks per week), and
daily physical activity level (none, light, medium, or vigor-
ous). Covariates were either provided by or derived from
RAND HRS, version M (35).

Health conditions related to smoking may also be predic-
tors of TL or consequences of variation in TL. We used 2
variables as indicators of individuals’ overall health status.
The first was a comorbidity index that sums indicators for
whether respondents reported that a doctor had ever told
them they had any of 8 conditions: high blood pressure, dia-
betes, cancer, lung disease, heart disease, stroke, psychiatric
problems, or arthritis. The second was a self-reported gen-
eral health status, with 1 being excellent and 5 being poor.

Statistical analysis

To assess the cross-sectional association between current
smoking status and TL in wave 9, we used a linear regres-
sion model with TL as the outcome. Additive interactions of
smoking with age and sex were tested. Sex- and age-
stratified analyses (<65 years vs. ≥65 years) were also per-
formed to assess potential differences in associations by sex
and age. Analyses were repeated using prospective measures
of smoking status reported at waves 1–8 rather than smoking
status at wave 9. This analysis was restricted to subjects
with TL data who entered in wave 1 (n = 2,369).

Additional smoking characteristics (number of cigarettes
smoked per day in wave 9, recent smoking cessation, years
since cessation, smoking duration, and on-study pack-years
of smoking) were also tested in covariate-adjusted models.
To assess the association between TL and overall health,
models were fit containing each of the health measures as
additional covariates. We also assessed potential residual
confounding due to experimental/batch variation in TL mea-
surement by further adjusting the statistical model for DNA
sample batch (HRS-provided plate numbers). In sensitivity
analyses, we used the post-hoc sampling weights provided
by the HRS (for each wave based on post-stratification of
the sample to the Current Population Survey or American
Community Survey (36) for the survey year).

Additional stratification by age, adjustment for survey
weights, modeling using normal-quantile transformed TL
as the outcome, and adjustment for sample batch were also
performed. All analyses were conducted using Stata, ver-
sion 14.0 (StataCorp LP, College Station, Texas).

Simulations to assess bias due to loss to follow-up

To assess potential bias arising from differential loss to
follow-up with respect to smoking and short TL, we conducted
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analyses of simulated data sets (Web Appendix 1, available at
http://aje.oxfordjournals.org/). The simulations were conducted
under the assumption that both smoking and short TL increase
the probability of being lost to follow-up.

RESULTS

Cross-sectional analysis

The characteristics of the 5,624 HRS subjects at the time
of TL measurement (wave 9), as well as means and standard
deviations of TL within strata of participant characteristics,
are shown in Table 1. A total of 5,517 subjects had nonmiss-
ing data for all demographic and lifestyle covariates included
in the cross-sectional regression analysis. Table 2 displays
the regression coefficients and confidence intervals for all
variables included in the multivariate model. β coefficients
are interpreted as the per-unit difference in ln(T/S) for contin-
uous variables or the difference in ln(T/S) compared with ref-
erence category for categorical variables after adjustment for
all other covariates. TL was shorter with increasing age
(P = 4.0 × 10−17), longer among women (P = 5.8 × 10−3),
and longer among black and Hispanic subjects than among
white subjects (P = 1.7 × 10−11 and P = 3.5 × 10−3, respec-
tively). TL was also positively associated with increasing
educational level, income, body mass index, alcohol con-
sumption, and physical activity level. Estimates were similar
when stratified by age (<65 years vs. ≥65 years) (Web
Table 1), adjusted for survey weights (Web Table 2), mod-
eled using normal-quantile transformed TL as the outcome
(Web Table 3), and adjusted for sample batch (Web Table 4).

Among women, we observed shorter TLs for both for-
mer smokers (P = 2.6 × 10−7) and current smokers
(P = 6.3 × 10−8) compared with never smokers (Table 2);
however, these associations were not observed among men,
and a test for interaction indicated that these cross-sectional
associations differed by sex (for former smokers, P for
interaction = 0.05; for current smokers, P for interac-
tion = 0.03). Similarly, smoking more cigarettes per day
was associated with shorter TL during wave 9 in women
but not men (Table 3).

Analysis of prospective measures of smoking

We examined the associations between wave 9 TL and
smoking status in earlier waves (Figure 1 and Web Table 5).
Associations between smoking measured in early waves and
subsequent TL were similar for men (Figure 1A) and women
(Figure 1B). Among men, we observed a gradual attenuation
of the association in later waves. The point estimate decreased
in magnitude by more than 50%, with P values ranging from
2 × 10−4 to 0.17, which was consistent with a weaker associa-
tion for smoking reported in more recent waves. For women,
the associations of shorter TL with both current and former
smoking status was consistent across all waves.

Additional characteristics of smoking

In order to determine why the association between smok-
ing and TL among men was weaker for more recent measures

of smoking, we first examined the change in distribution of
smoking status over time. We observed that almost half of
those in the current smoker category in wave 1 moved to
the former smoker category by wave 9; this was true for
both men (Figure 2A) and women (Figure 2B). However,
despite the similar rates of smoking cessation, we observed
a key difference between men and women who quit. Male
smokers who quit during the study had shorter TL than did
those who continued to smoke (P = 4.1 × 10−3) (Table 3);
this differential quitting by TL was not observed among
female smokers (P = 0.27). Conversely, when assessing
other characteristics of smoking behavior, such as years
since cessation (among former smokers), duration, and on-
study pack-years of smoking, we observed consistent evidence
that greater smoking exposure was associated with shorter TL
in both men and women (Table 3). Analyses of estimates of
lifetime pack-years of smoking showed similar results (Web
Table 6).

Analysis of TL and overall health status

In order to further understand the link between smoking
cessation and short TL in men, we examined the associa-
tion between TL and health status. In the analyses of TL
and measures of health status, we observed shorter TL
among men who reported poorer health based on self-
reported general health status (P = 0.02) and the comorbid-
ity index (P = 0.05); however, these associations were not
observed among women (Table 4).

Simulations to assess bias due to loss to follow-up

Simulations demonstrated that when there was a higher
risk of loss to follow-up for both smokers and individuals
with shorter TL, the association between smoking and TL
was biased in a positive direction (Web Table 7). Therefore,
under the assumption that both smoking and short TL
increase the probability of being lost to follow-up before
wave 9 (presumably through increased morbidity and mor-
tality), the associations between smoking and short TL
observed in this study would be biased towards the null.

DISCUSSION

In the present study of older men and women in the
United States, we observed that smoking was associated
with TL when using prospective measures of smoking sta-
tus determined up to 16 years before TL measurement,
which supports the hypothesis that smoking reduces TL.
However, this association was strongly attenuated among
men but not women in cross-sectional analyses. Our analy-
ses indicated that the attenuation was driven by the fact
that more male smokers with shorter TL quit smoking dur-
ing the course of the study than did male smokers with lon-
ger TL. The movement of men with shorter TL out of the
current smoking category and into the former smoking cat-
egory led to an overrepresentation of men with longer TL
in the current smoking category. This phenomenon resulted
in very weak associations between TL and smoking status
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Table 1. Mean Telomere Length Within Strata of Subject Characteristics, Health and Retirement Study, 2008

Characteristica
Men Women All

Telomere Length,
mean (SD) No. Telomere Length,

mean (SD) No. Telomere Length,
mean (SD) No.

Age, years

50–54 1.46 (0.35) 66 1.42 (0.30) 209 1.43 (0.31) 275

55–59 1.38 (0.36) 355 1.41 (0.33) 483 1.39 (0.34) 838

60–64 1.34 (0.35) 270 1.38 (0.33) 462 1.37 (0.33) 732

65–69 1.29 (0.34) 447 1.34 (0.33) 613 1.32 (0.34) 1,060

70–74 1.30 (0.32) 435 1.30 (0.35) 601 1.30 (0.34) 1,036

75–79 1.28 (0.35) 361 1.29 (0.35) 401 1.28 (0.35) 762

80–84 1.25 (0.33) 223 1.28 (0.31) 278 1.27 (0.31) 501

≥85 1.23 (0.39) 153 1.28 (0.34) 267 1.26 (0.36) 420

Race

White 1.29 (0.34) 1,781 1.32 (0.33) 2,430 1.30 (0.33) 4,211

Black 1.40 (0.41) 266 1.42 (0.37) 466 1.42 (0.38) 732

Hispanic 1.33 (0.34) 213 1.38 (0.33) 344 1.36 (0.33) 557

Other 1.35 (0.38) 50 1.33 (0.36) 74 1.34 (0.37) 124

Educational level

Less than high school 1.31 (0.34) 464 1.31 (0.34) 700 1.31 (0.34) 1,164

GED 1.23 (0.30) 103 1.36 (0.36) 142 1.31 (0.34) 245

High school graduate 1.28 (0.37) 616 1.32 (0.33) 1,134 1.31 (0.34) 1,750

Some college 1.34 (0.37) 501 1.37 (0.35) 769 1.36 (0.36) 1,270

College degree or more 1.31 (0.32) 624 1.36 (0.32) 566 1.33 (0.32) 1,190

Income to poverty ratio

<1.0 1.32 (0.32) 129 1.35 (0.38) 370 1.34 (0.37) 499

1.0–1.9 1.30 (0.36) 359 1.29 (0.34) 629 1.29 (0.35) 988

2.0–3.9 1.28 (0.34) 735 1.34 (0.33) 1,066 1.32 (0.34) 1,801

≥4.0 1.32 (0.35) 1,087 1.36 (0.32) 1,249 1.34 (0.34) 2,336

Body mass indexb

<25.0 1.26 (0.33) 595 1.31 (0.33) 1,083 1.29 (0.33) 1,678

25.0–29.9 1.31 (0.36) 1,015 1.34 (0.34) 1,087 1.33 (0.35) 2,102

30.0–34.9 1.33 (0.33) 489 1.35 (0.33) 636 1.34 (0.33) 1,125

35.0–39.9 1.35 (0.39) 151 1.35 (0.32) 292 1.35 (0.35) 443

≥40.0 1.36 (0.29) 60 1.40 (0.38) 216 1.39 (0.36) 276

Smoking status

Never smoker 1.33 (0.34) 727 1.37 (0.33) 1,687 1.36 (0.33) 2,414

Former smoker 1.30 (0.36) 1,248 1.31 (0.35) 1,194 1.30 (0.35) 2,442

Current smoker 1.31 (0.33) 320 1.29 (0.33) 417 1.30 (0.33) 737

Alcohol consumption, drinks per week

0 1.29 (0.34) 1,307 1.33 (0.34) 2,422 1.32 (0.34) 3,729

1–6 1.34 (0.36) 550 1.35 (0.34) 622 1.35 (0.35) 1,172

≥7 1.32 (0.35) 448 1.35 (0.33) 266 1.33 (0.34) 714

Daily activity level

None 1.30 (0.35) 1,913 1.34 (0.34) 2,618 1.32 (0.34) 4,531

Light 1.37 (0.32) 100 1.30 (0.34) 306 1.31 (0.34) 406

Medium 1.32 (0.33) 213 1.32 (0.32) 304 1.32 (0.33) 517

Vigorous 1.36 (0.34) 82 1.41 (0.33) 80 1.38 (0.34) 162

Total 1.31 (0.35) 2,310 1.34 (0.34) 3,314 1.32 (0.34) 5,624

Abbreviations: GED, general education diploma; SD, standard deviation.
a Note that some variables have missing values, with a maximum of 31 subjects missing any 1 variable.
bWeight (kg)/height (m)2.
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in later waves, with those associations likely being biased
estimates of the true effect of smoking on TL.

Male smokers with shorter TL may have been more
likely to quit because short TL was correlated with poorer
health among men in the HRS; furthermore, previous stud-
ies from the HRS showed that smokers who experience
acute and chronic health events are more likely to quit
smoking than are individuals who do not (37, 38). This
may be an example of the “healthy smoker” phenomenon,

in which individuals who are more resistant to the adverse
effects of smoking continue to smoke, whereas those who
are more susceptible quit, resulting in underestimation of
the effect of smoking (39). This adverse health–driven
smoking cessation may be particularly relevant to men in
the HRS, because they are more likely to experience major
and chronic health events (37), and to older individuals,
who are more likely than younger individuals to experience
adverse health events and to quit smoking in response (40).

Table 2. Sex-Stratified and Overall Associationsa of Telomere Length With Demographic and Lifestyle Variables, Health and Retirement
Study, 2008

Characteristic
Men (n = 2,286) Women (n = 3,231) All (n = 5,517)

βb P Value βb P Value βb P Value

Age −0.003 5.0 × 10−6 −0.003 3.0 × 10−12 −0.003 4.0 × 10−17

Female sex 0.020 5.8 × 10−3

Race

White 0 Referent 0 Referent 0 Referent

Black 0.074 3.3 × 10−5 0.072 8.3 × 10−8 0.072 1.7 × 10−11

Hispanic 0.018 0.37 0.048 2.6 × 10−3 0.037 3.5 × 10−3

Other 0.018 0.63 −0.023 0.44 −0.003 0.91

Educational level

Less than high school 0.005 0.80 −0.025 0.12 −0.011 0.37

GED −0.060 0.04 0.015 0.55 −0.018 0.33

High school graduate −0.030 0.05 −0.009 0.52 −0.016 0.10

Some college 0.005 0.74 0.014 0.31 0.012 0.26

College degree or more 0 Referent 0 Referent 0 Referent

Income to poverty ratio

<1.0 −0.015 0.56 −0.012 0.46 −0.016 0.27

1.0–1.9 −0.009 0.63 −0.033 0.01 −0.024 0.02

2.0–3.9 −0.017 0.21 −0.003 0.76 −0.008 0.34

≥4.0 0 Referent 0 Referent 0 Referent

Body mass indexc 0.004 1.5 × 10−4 0.001 0.53 0.002 6.6 × 10−3

Smoking status

Never smoker 0 Referent 0 Referent 0 Referent

Former smoker −0.023 0.07 −0.049 2.6 × 10−7 −0.039 2.1 × 10−7

Current smoker −0.019 0.30 −0.078 6.3 × 10−8 −0.056 7.0 × 10−7

Alcohol consumption, drinks per week

0 0 Referent 0 Referent 0 Referent

1–6 0.029 0.03 0.012 0.33 0.020 0.02

≥7 0.027 0.06 0.029 0.08 0.026 0.02

Daily activity level

None 0 Referent 0 Referent 0 Referent

Light 0.052 0.05 −0.046 2.5 × 10−3 −0.018 0.17

Medium 0.024 0.20 −0.008 0.59 0.007 0.58

Vigorous 0.050 0.10 0.033 0.24 0.039 0.05

Abbreviations: GED, general education diploma; SD, standard deviation.
aWe adjusted for all variables as covariates.
b β coefficients represent the per-unit difference in telomere length for continuous variables or difference in telomere length compared with

reference category for categorical variables.
c Weight (kg)/height (m)2.
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Table 3. Sex-Stratified and Overall Associations Between Telomere Length Measured at Wave 9 and Smoking-Related Characteristics, Health and Retirement Study, 2008

Characteristic

Men Women Alla

No. βb P Value P for
Trend No. βb P Value P for Trend No. βb P Value P for Trend

Cigarettes smoked per day in wave 9

0 724 0 Referent 1,661 0 Referent 2,385 0 Referent

<10 80 −0.057 0.07 127 −0.040 0.08 207 −0.049 6.4 × 10−3

10–19 85 0.006 0.84 140 −0.095 1.2 × 10−5 225 −0.056 1.3 × 10−3

≥20 148 −0.014 0.58 0.64 136 −0.092 2.9 × 10−3 1.9 × 10−8 284 −0.058 2.9 × 10−4 4.8 × 10−6

Recent smoking cessation after entering study as a smoker

Continuing smoker 320 0 Referent 404 0 Referent 724 0 Referent

Quitterc 152 −0.087 4.1 × 10−3 169 −0.031 0.27 321 −0.048 0.02

Years since smoking cessation among former smokers at
wave 9

0 724 0 Referent 1,661 0 Referent 2,385 0 Referent

≥30 519 0.007 0.64 394 −0.020 0.15 913 −0.007 0.48

20–29 284 −0.032 0.08 251 −0.037 0.03 535 −0.037 2.2 × 10−3

<20 284 −0.055 2.9 × 10−3 1.3 × 10−3 319 −0.076 4.8 × 10−7 2.0 × 10−7 603 −0.067 8.0 × 10−9 2.5 × 10−9

Duration of smoking, years

0 724 0 Referent 1,661 0 Referent 2,385 0 Referent

<20 413 0.003 0.87 386 −0.010 0.46 799 −0.007 0.53

20–39 541 −0.029 0.05 492 −0.060 2.7 × 10−6 1033 −0.049 3.8 × 10−7

≥40 344 −0.033 0.06 0.018 364 −0.088 1.8 × 10−9 6.2 × 10−12 708 −0.064 1.1 × 10−8 1.9 × 10−11

Pack-years during the study (sum of packs/day times years
smoked per wave)d

0 724 0 Referent 1,661 0 Referent 2,385 0 Referent

<5 233 −0.039 0.06 323 −0.081 1.6 × 10−7 556 −0.064 1.9 × 10−7

5–9 124 −0.058 0.02 168 −0.080 1.1 × 10−4 292 −0.070 1.2 × 10−5

≥10 182 −0.060 8.6 × 10−3 2.8 × 10−3 166 −0.080 1.1 × 10−4 7.5 × 10−10 348 −0.074 1.2 × 10−6 3.4 × 10−11

a The percentage of missing data among subjects with telomere length measurement was <1% (31 of 5,554) for wave 9 smoking status, 1% (8 of 724) for wave 9 smoking rate, 15%
(366 of 2,414) for years since smoking cessation, 18% (565 of 3,138) for smoking duration, and 2% (28 of 1,243) for “on-study” pack-years. Telomere length did not differ by missing status
of years since smoking cessation (P = 0.41) or smoking duration (P = 0.69).

b Estimates are from a linear regression of telomere length on smoking characteristics adjusted for sex (when appropriate), age, race, educational level, income, body mass index, alco-
hol consumption, and daily physical activity level.

c Subjects who quit smoking between wave of entry and wave 9.
d Estimates are further adjusted for wave of entry into study.
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Our hypothesized relationships among smoking, TL, and
health for men are shown in Figure 3. The bias towards the
null observed in cross-sectional analyses of men can be
conceptualized in several ways. First, assuming TL affects
health, this bias could be attributed to reverse causation,
whereby TL influences smoking behavior through its ef-
fects on health (Figure 3). Second, we could view this bias
as confounding of the smoking-TL association by factors
that influence both TL and health (and health-related smok-
ing behaviors) in later life (Figure 3). Third, the bias could
be considered self-selection bias, in which individuals select
themselves into a group (e.g., former smokers) in a nonran-
dom way (e.g., based on TL and health). Fourth, we could
consider current smoking to be an error-prone measure of
the true exposure of interest (e.g., lifetime exposure or expo-
sure in early to mid-life), thus producing bias due to differ-
ential measurement error (differential with respect to TL).

In contrast to what was seen among men, the association
between smoking status and TL did not vary across waves
among women, and female smokers who quit during the
study did not exhibit shorter TL than did smokers who did
not quit. This could be due to different motivations for
quitting smoking between men and women (41); that is,

women are less likely to quit in response to an adverse
health event than are men (42). Also, women tend to be
less successful than men with regard to smoking cessation
(43, 44) and therefore may be less able to maintain cessa-
tion in response to an adverse health event. Finally, sex dif-
ferences in the accuracy of self-reported smoking behavior,
exposure to second-hand smoking, duration and intensity
of smoking, and biological effects of smoking on TL could
all contribute to the differences we observed.

We utilized 2 different categories of data to study smok-
ing cessation in our analysis: whether or not a subject quit
during the study period and the reported time since quitting
during the individual’s lifetime. The former represents
recent quitting among individuals who smoked in later life
(which may correlate with concurrent disease status and
health-seeking behavior), whereas the latter captures smok-
ing cessation events relevant to cumulative lifetime expo-
sure. The association observed between greater time since
smoking cessation and longer TL was consistent with the
results from the prospective analysis, as well as analyses of
2 other characteristics of smoking exposure (i.e., duration
and pack-years of smoking), which supports the hypothesis
that smoking shortens telomeres.
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Figure 1. β coefficients and 95% confidence intervals for the associations between telomere length measured at wave 9 and smoking status
measured across multiple waves among men (A) and women (B), Health and Retirement Study, 1992–2008. Values were adjusted for age,
race, educational level, income, body mass index, alcohol consumption, and daily physical activity. Samples were restricted to subjects who
entered the study in wave 1 and had telomere length measured at wave 9 (1,092 men and 1,277 women). β coefficients represent the difference
in telomere length compared with never smokers.
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To our knowledge, the present study is the first in which
the association between smoking and subsequent TL has
been characterized while treating smoking as a time-
varying exposure. The differences in this association that
we observed across time and between sexes potentially
explain conflicting findings in prior cross-sectional, longi-
tudinal, and prospective studies of smoking and TL. Most
previous cross-sectional studies in which an association
between smoking and short TL was reported were studies
of female subjects only (11–14, 16), whereas those in
which no association was reported were mostly studies of
men or of older subjects (21, 23–26), among whom esti-
mates may be more likely to be biased because of higher
rates of smoking cessation among older men with short
TL. Previous longitudinal studies in which associations
between smoking and TL attrition were reported involved
younger subjects than did studies in which such an associa-
tion was not reported (17–20), further suggesting that esti-
mates obtained from studies of older individuals could be

biased because of adverse health–driven smoking cessation.
In the Helsinki Businessmen Study, Strandberg et al. (27)
compared prospective and cross-sectional measures of smok-
ing status and TL among men and reported findings consis-
tent with those from our study. However, they assessed
smoking at only 2 time points and did not consider smoking
cessation as an explanation for the phenomenon; instead,
they posited that unmeasured factors that contribute to TL
attrition in old age, such as frailty, telomerase insufficiency,
and oxidative stress, were possible explanations.

Our study has a number of strengths. A large sample
size and rich covariate data allowed for comprehensive
adjustments for demographic and lifestyle variables. The
study was conducted within a nationally representative
cohort of older subjects—an important age group in which
to study these associations, given the tremendous interest
in TL as a biomarker of aging-related diseases and mortal-
ity. The use of repeated measures of smoking over 16 years
shed light on the dynamics of the association between
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Figure 2. Distribution of smoking statuses among men (A) and women (B) across waves 1–9, Health and Retirement Study, 1992–2008.
Samples were restricted to subjects who entered the study in wave 1 and had telomere length measured at wave 9 (1,095 men and 1,301
women).

Table 4. Associations Between Telomere Length and Health Conditions, Stratified by Sex, Health and Retirement Study, 2008

Health Status Measure
Men (n = 2,284) Women (n = 3,232) All (n = 5,516)

βa P Value βa P Value βa P Value

Self-reported healthb −0.009 0.02 0.002 0.53 −0.003 0.28

Sum of conditionsc −0.011 0.05 0.003 0.50 −0.002 0.48

a Estimates are from a linear regression adjusted for sex (when appropriate), age, race, educational level, income, body mass index, smoking
status, alcohol consumption, and daily physical activity level.

b Self-reported general health status, with 1 being excellent and 5 being poor.
c Sum of indicators for whether respondent reported a doctor had ever told them they had any of 8 conditions: high blood pressure, diabetes,

cancer, lung disease, heart disease, stroke, psychiatric problems, or arthritis.
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smoking and TL over time and demonstrated the impor-
tance of evaluating both recent and historical exposure to
smoking in order to understand its association with TL
over the life course.

Our study is limited by the possible issue of bias due to
loss to follow-up. In other words, subjects who were not
lost to follow-up (including death) prior to wave 9 (which
allowed for TL measurement) may have been systemati-
cally different from those who were lost to follow-up by
wave 9 with respect to the variables analyzed, and this
selection could bias the observed association between
smoking and TL. This phenomenon has been previously
described as a type of collider bias resulting from selection
into a study conditional on a variable (e.g., survival or
health) that is influenced by other variables under analysis
(e.g., smoking and TL) (45). We conducted simulation
analyses in which we demonstrated that greater loss to
follow-up among male smokers and among men with short
TL would create a positive bias that would increase the β
coefficient for the association between smoking and TL.
Such a bias would therefore attenuate the association
between smoking and short TL and could contribute,
in part, to the lack of association between smoking and
TL observed in cross-sectional analyses among men.
However, our analyses of individuals present in both wave
1 and wave 9 (1,095 men who were not lost to follow-up)
showed significant associations between prior smoking (at
wave 1) and short TL (at wave 9), despite the presence of
any such attenuating bias. Cross-sectional analyses of these
same 1,095 male participants showed no association
between smoking and TL, but that attenuation was appar-
ently due to a higher rate of quitting among individuals
with short TL. Taken together, these findings indicated that
1) the association between prospectively measured smok-
ing and subsequent short TL was observed despite potential
bias due to loss to follow-up and 2) the cross-sectional null
association was not primarily driven by bias due to loss to
follow-up.

Another limitation is that it was necessary to assume that
the available TL measure at wave 9 was relatively constant
within the time scale of this study and therefore an appro-
priate proxy for TL across the earlier waves during which
cessation occurred. This assumption is likely valid because
prior findings indicated that there is a weak association

between recent (≈ 12 years) changes in smoking behavior
and TL attrition (46). Finally, we note that the source of
DNA in the present study, saliva, is different from that in
most previous studies of TL, which used leukocyte DNA.
Although up to 74% of saliva DNA originates from white
blood cells, the composition of leukocytes in normal saliva
samples will differ from the composition of blood samples
(47). However, previous studies have shown that the qual-
ity of saliva genomic DNA is comparable with blood DNA
in terms of purity, genotyping quality, and polymerase
chain reaction amplification analyses (48, 49), and TL mea-
sured from saliva DNA has been found to be highly corre-
lated with TL measured from leukocyte DNA (r = 0.72)
(50). Additionally, there is no a priori reason to favor leu-
kocyte DNA over saliva DNA as a source to assess the
association between smoking and TL in human cells in the
absence of a specific target tissue of interest for health out-
come assessment.

In summary, we used longitudinal data on a representa-
tive sample of older adults in the United States to demon-
strate that smoking is associated with reduced TL among
both men and women when using repeated measures of
smoking status over time. However, in cross-sectional anal-
yses, smoking status was not associated with TL among
men, and this apparent discrepancy was likely driven by a
higher propensity for smoking cessation among men with
short TL, a condition that appears to be accompanied by
poorer overall health. These findings provide a framework
for understanding conflicting reports of smoking and TL in
previous studies and highlight the need to further investi-
gate the time-varying and sex-specific associations among
smoking behavior, TL, and health.
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