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Abstract

Telomeres are short DNA repeats on the ends of mammalian chromosomes, which can undergo
incomplete replication leading to gradual shortening with each cell cycle. Age and oxidative stress
are contributors to telomere shortening; thus, telomere length may be a composite measure of
biologic aging, and a potential predictor of health status in older adults. We evaluated whether
relative telomere length (the proportion of telomere repeat copy number to single gene copy
number, using a real-time PCR method) predicts cognitive decline measured ten years later among
~2,000 older participants in the Nurses’ Health Study (NHS). Mixed linear regression was used to
evaluate mean differences in cognitive decline according to telomere length. After adjustment for
potential confounders, we found that decreasing telomere length was associated with more
cognitive decline, although associations were modest (e.g. for a global score, averaging all six
tests in our cognitive battery, mean difference=0.03 standard units per SD increase in telomere
length; p=0.04). The magnitude of these estimates was similar to the differences we find in this
cohort for women one year apart in age (e.g. the differences that we observe between women who

© 2011 Elsevier Ireland Ltd. All rights reserved.

Corresponding author: Elizabeth Devore, 181 Longwood Avenue, Boston, Massachusetts, 02115; telephone: 617-525-2090; fax:
617-525-2008; nheed@channing.harvard.edu.

DISCLOSURES

Funding: This specific project was funded by a generous grant from the American Health Assistance Foundation (AHAF). On-going
financial support for the Nurses’ Health Study (NHS) and NHS cognitive sub-study are provided through NIH grants CA40356 and
AG15424, respectively. Dr. Devore is supported by an NIH National Research Service Award Individual Postdoctoral Fellowship
(F32 AG031633). The funding sources played no role in the study design; collection, analysis, and interpretation of data; writing of
the manuscript; or decision to submit the paper for publication.

Role of the authors: All authors contributed materially to the original research in this article, and each author has approved the final
article. Individual contributions of each author are as follows: Dr. Devore performed the data analysis and wrote and edited the
manuscript; Dr. Prescott contributed to data collection and editing of the manuscript; Dr. De Vivo contributed to the concept and
design of this study, data collection and analysis, and editing of the manuscript; and Dr. Grodstein contributed to the concept and
design of this study, obtained grant funding, contributed to data collection and analysis, and provided substantial feedback for editing
the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Devore et al.

Page 2

are 73 versus 74 years of age); thus, our results suggest that telomere length is not a particularly
powerful marker of impending cognitive decline.
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INTRODUCTION

METHODS

Telomeres are short, repetitive DNA sequences at the ends of mammalian chromosomes that
prevent rearrangement and end-to-end fusion. Because DNA polymerase is unable to
completely replicate them, telomeres experience replicative shortening with each cell cycle
and eventually reach a critical threshold; at this point, cells stop dividing or undergo
programmed cell death[6]. Oxidative stress contribute to telomere shortening[19], and the
combined effects of replicative shortening and oxidative stress on telomere length may
represent an important biological marker, perhaps even more relevant than chronological
age, for predicting aging-related disease risk. Growing epidemiologic evidence has linked
shorter telomere length with higher risk of mortality[3, 8, 10], cancer[9, 16, 18, 20, 26, 27],
cardiovascular disease[1, 2, 4, 24], and dementia[8, 13, 17] — outcomes that are related to
age and oxidative stress as well. Studies of telomere length and cognition have produced
mixed results[7, 13, 14, 23, 28]; however, identifying predictors of subtle, early changes in
cognitive function is an important public health priority, as possible interventions are likely
to be most effective during the early stages of preclinical disease. In this study, we evaluated
whether relative telomere length predicts cognitive decline ten years later, among older
women participating in the Nurses’ Health Study.

The Nurses’ Health Study (NHS) began in 1976, when 121,000 U.S. female registered
nurses, aged 30-55 years old, responded to a mailed questionnaire about health and lifestyle
factors. Since then, follow-up questionnaires have been mailed every two years, and
participation rates have remained above 90% for all questionnaire cycles. Beginning in
1995-2000, participants who were at least 70 years of age and had no history of stroke were
selected for a telephone-based study of cognitive function; 93% of eligible women
participated and 7% refused. Follow-up interviews were conducted twice, at two-year
intervals, and participation remained above >90% during follow up (mean time span over
three interviews=4.3 years). Because the first several years were largely devoted to pilot
interviews, the majority of women underwent initial cognitive assessments in 1999-2000.
The institutional review board of Brigham and Women’s Hospital (Boston, MA) approved
this study.

Population for analysis

We obtained measurements of relative telomere length in a random sample of 239 women
who were participating in the NHS cognitive sub-study. We also identified participants in
the cognitive sub-study who had telomere length measured as part of previous NHS nested
case-control studies of breast cancer (n=530), endometrial cancer (n=187), skin cancer
(n=295), and stroke/myocardial infarction (n=841). These samples were combined, but skin
cancer cases were excluded because a modest relation was found with telomere length in
this cohort; no associations were found with breast and endometrial cancer, therefore we
included these cases in our analyses. Although we initially excluded cases of stroke and
myocardial infarction because these outcomes have been related to cognitive decline, we
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include them in our analytic sample here as our results were similar regardless of their
inclusion or exclusion. Thus, in total, we analyzed 2,092 participants with measured
telomeres in the NHS cognitive study.

Assessment of relative telomere length

Using blood samples collected in 1989-1990, a quantitative polymerase chain reaction
method was used to measure relative telomere length in genomic DNA extracted from
peripheral blood leukocytes (PBL). The ratio of telomere repeat copy number to a single
gene copy number (T/S) was assessed as previously described[16]. Each sample was
analyzed in triplicate, and relative telomere length was calculated as the exponentiated T/S
ratio. Coefficients of variation of the telomere and single-gene assay ranged from 0.46 to
3.02% and 0.29 to 2.07%, respectively. The coefficients of variation for the exponentiated
T/S ratio of quality control samples ranged from 10-16%.

Assessment of cognitive function and decline

We administered a validated[22] cognitive battery consisting of six tests: the Telephone
Interview for Cognitive Status (TICS), the East Boston Memory Test—immediate and
delayed recall, category fluency, delayed recall of the TICS 10-word list, and digit-span
backwards. Interviewers who administered the cognitive battery were blinded to telomere
status, and participation rates were similar across all cognitive tests and remained stable over
time. We focused on three primary outcomes: a global composite score that averaged
together all six cognitive tests; a verbal composite score that averaged together four tests of
verbal memory (a strong predictor of developing Alzheimer’s disease[12, 21, 25]) —
immediate and delayed recalls of both the East Boston Memory Test and TICS 10-word list;
and TICS scores, which provide a measure of general cognition. We used z-scores to create
composite scores because point values for our cognitive tests are not equivalent.

Statistical analysis

Because of batch-to-batch variation in telomere lengths over time, we created z-scores
specific to each study. Multivariable-adjusted, mixed linear regression with random
intercepts and slopes was used to evaluate mean differences in slopes of cognitive decline
per standard deviation increase in telomere length. Ninety-five percent confidence intervals
were calculated. We examined models adjusted for age and education (established risk
factors for cognitive decline[11]), and models that were additionally adjusted for smoking,
diabetes, and a history of cardiovascular factors: high blood pressure and use of
antihypertensive medications, high cholesterol and use of cholesterol-lowering medications,
and myocardial infarction. Because it is unclear when potential confounders might be most
influential on the relation between telomere length and cognitive decline, we considered two
approaches to statistical adjustment in our models: 1) using the status of covariates at the
time of blood collection, and 2) using the status of covariates at the time of initial cognitive
interview. However, our results were virtually identical despite the approach, and we
therefore have chosen to present results using the status of covariates at the time of blood
collection. We also assessed effect modification by age (continuous in years) and smoking
status (current, former, never) because oxidative stress due to age and cigarette smoking
might influence the association of telomere length and cognition.

All analyses were performed in SAS version 9 (SAS Institute Inc., Cary, NC).

RESULTS

At the time of blood draw, health and lifestyle characteristics of women in our analytic
sample were similar across quartiles of telomere length (Table 1). In age- and education-
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adjusted models, we observed that longer telomeres were associated with significantly
slower decline in the verbal score (mean difference=0.04 standard units per SD in telomere
length; p=0.03); associations for the global and TICS scores were borderline significant
(Table 2). After adjusting for additional covariates, the association with telomere length
became slightly more statistically significant for all three cognitive measures (p=0.02 for the
verbal score, p=0.04 for the global and TICS scores). Specifically, the mean differences in
decline were 0.04 standard units for the verbal score (95% CI: 0.01-0.08), 0.03 standard
units for the global score (95% CI: 0.00-0.06), and 0.13 standard units for the TICS score
(95% CI: 0.00-0.25). Because it can be difficult to interpret mean differences in rates of
cognitive decline, we compared the effects of each SD increase in telomere length on
cognitive decline to the effect of one year of age. The magnitude of the effect estimates we
found for a one-SD difference in telomere length was approximately equivalent to the
differences in cognitive decline that we observe for women one year apart in age (e.g. the
difference observed for women who are 73 versus 74 years of age). That is, each one-SD
increase in telomere length was cognitively equivalent to being approximately one year
younger in age.

There was no effect modification by age (e.g. p-interaction for the verbal score=0.5) or
smoking status (e.g. p-interaction for the verbal score=0.3).

DISCUSSION

We found a modest association between longer telomere length and slower cognitive decline
in this cohort. The magnitude of these point estimates — a one-SD increase in telomere
length being equivalent to approximately one year of chronological age — suggests that,
although we identified significant relations between telomeres and cognitive decline,
telomere length does not appear to be a particularly powerful marker of impending cognitive
decline.

Five previous studies[7, 13, 14, 23, 28] of telomere length and cognition have produced
mixed results, but four of these studies were fairly small (<355 participants)[7, 13, 14, 23]
and two included cross-sectional analyses only[7, 23]; therefore, findings are somewhat
difficult to interpret. Moreover, none of these studies considered the relation of telomere
length at midlife to cognitive decline at older ages. However, the modest effect that we
observed is generally consistent with results reported in the Health Aging and Body
Composition (ABC) Study — the only other large, prospective study of telomeres and
cognitive decline to date, where telomere length was associated with decline for one of two
cognitive tests administered[28]. Again, a difference between our study and the Health ABC
Study was the timing of telomere measurement; in the Health ABC Study, telomere length
was assessed simultaneous with baseline cognitive testing (mean age of participants=74
years). In contrast, our study utilized telomere measurements that were obtained an average
of ten years prior to initial cognitive testing. Thus, together, these results indicate that
telomere length only modestly predicts cognitive decline, whether measured at younger or
older ages.

Although previous epidemiologic data are not compelling, several mechanisms suggest a
potential link between telomere length and cognitive decline. One possibility is that the
shortening of telomeres and onset of cognitive decline share a common cause, either genetic
(e.g. due to “aging genes”) or environmental (e.g. due to oxidative stress). Oxidative stress is
known to play an important role in modulating telomere length[19] and pathology associated
with cognitive impairments[15]. A second possibility is that telomere length might play a
causal role in affecting cognitive decline, perhaps through a mechanism involving vascular
factors. However, our analyses suggest that this mechanism is less likely, as adjustment for
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cardiovascular factors made little difference in our point estimates. Alternatively, neurons
are post-mitotic cells and thus PBL telomere length does not necessarily reflect brain health;
yet, there does appear to be telomere shortening in microglia, which are proliferative[5].
Indeed, the association that we observed in this large cohort of older women was quite
modest, indicating that PBL telomere length may not provide a particularly strong measure
of brain aging.

Our study has limitations. First, we had a single measure of telomere length for each
participant, and thus we were unable to evaluate rates of change in telomere length, which
might be a more informative metric than a single telomere measurement. Nonetheless, the
pathology underlying cognitive impairments appears to begin decades prior to onset of
detectable symptoms, and thus our measurement of telomere length nearly ten years prior to
initial cognitive assessments should be a clinically relevant time point for predicting
cognitive decline. Second, cognitive measurements are subject to random measurement
error, such that we expect a certain amount of non-differential misclassification in our
outcome, which might have attenuated our results. However, we used a validated telephone-
based cognitive interview and repeated measures of cognitive function; in addition, we have
identified numerous associations of various exposures and cognitive decline in this cohort,
clearly establishing that cognition is adequately measured.

In conclusion, we identified a modest association between longer telomeres and slower
cognitive decline in this large cohort of older women. However, our modest results suggest
that information on telomere length does not appear to provide a particularly powerful tool
for predicting cognitive decline.
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Characteristics of women at blood draw in 1990 &, by quartile of telomere length (n=2,092)

Table 1

Quartilel Quartile2 Quartile3 Quartile 4

Mean age, in years 65.0 64.5 64.6 64.5
Education, %

RN 76 76 73 73

BA 16 16 21 21

Graduate degree 8 8 6 6
Alcohol intake (g/day), % P

None 38 42 41 39

1-14 52 47 48 50

>15 10 11 11 11
Smoking status, %

None 45 42 51 49

Past 41 44 37 42

Current 14 14 12 9
Antidepressant use, % 5 7 3 4
Median physical activity, MET-hrs 10.2 10.6 115 10.9
Body mass index (kg/m2), % P

<22 23 21 23 22

22-24 30 33 30 34

25-29 33 32 34 31

>30 14 14 13 13
Vitamin E supplement use, % P 19 19 19 a
Multivitamin use, % b 39 45 41 43
History of high blood pressure, % 41 35 37 38
History of high cholesterol, % 44 48 53 50
History of diabetes, % 4 6 6 5
History of myocardial infarction, % 4 3 2 1
Mean scores at initial cognitive assessment

Global score —-0.07 —0.03 0.03 0.01

Verbal score —0.06 —0.02 0.00 0.00

TICS 339 34.0 339 34.0

alExcept that physical activity was reported in 1988 and antidepressant use was reported for the first time in 1996.

b o
These percentages are of non-missing values.
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Table 2

Mean differences in slopes of four-year cognitive decline, per standard deviation increase in telomere length @

Mean difference in cognitive decline | p-value

Global

Age- and education-adjusted Model P 0.03 (0.00, 0.06) 0.06

Fully-adjusted model € 0.03 (0.00, 0.06) 0.04
Verbal

Age- and education-adjusted Model P 0.04 (0.00, 0.08) 0.03

Fully-adjusted model © 0.04(0.01,0.08) 0.02
TICS

Age- and education-adjusted Model P 0.13(0.00, 0.25) 0.05

Fully-adjusted model © 0.13(0.00, 0.25) 0.04

aThe standard deviation is 0.95 in our analytic sample.
bAdjusted for age (continuous in years), education (RN, BA, graduate degree).

cAdjusted for age, education, smoking (none, past, current), high blood pressure (yes and treated, yes and untreated, no), high cholesterol (yes and
treated, yes and untreated, no), myocardial infarction (yes, no), and diabetes (yes, no).
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