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Abstract
Telomere length has generated substantial interest as a potential predictor of agingrelated diseases and mortality. Some studies have reported significant associations, but
few have tested its ability to discriminate between decedents and survivors compared with
a broad range of well-established predictors that include both biomarkers and commonly
collected self-reported data. Our aim here was to quantify the prognostic value of leukocyte telomere length relative to age, sex, and 19 other variables for predicting five-year
mortality among older persons in three countries. We used data from nationally representative surveys in Costa Rica (N = 923, aged 61+), Taiwan (N = 976, aged 54+), and the U.
S. (N = 2672, aged 60+). Our study used a prospective cohort design with all-cause mortality during five years post-exam as the outcome. We fit Cox hazards models separately
by country, and assessed the discriminatory ability of each predictor. Age was, by far, the
single best predictor of all-cause mortality, whereas leukocyte telomere length was only
somewhat better than random chance in terms of discriminating between decedents and
survivors. After adjustment for age and sex, telomere length ranked between 15th and
17th (out of 20), and its incremental contribution was small; nine self-reported variables
(e.g., mobility, global self-assessed health status, limitations with activities of daily living,
smoking status), a cognitive assessment, and three biological markers (C-reactive protein, serum creatinine, and glycosylated hemoglobin) were more powerful predictors of
mortality in all three countries. Results were similar for cause-specific models (i.e., mortality from cardiovascular disease, cancer, and all other causes combined). Leukocyte telomere length had a statistically discernible, but weak, association with mortality, but it did
not predict survival as well as age or many other self-reported variables. Although
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telomere length may eventually help scientists understand aging, more powerful and
more easily obtained tools are available for predicting survival.

Introduction
Human telomeres shorten with age in leukocytes as well as in other tissues [1]. Thus, telomere
length has generated substantial interest as a potential predictor of age-related diseases and
mortality. A number of studies that examined the association between leukocyte telomere
length (LTL) and all-cause mortality found a statistically discernible relationship [2–14], but
few studies explicitly compared LTL with other predictors of mortality: three [9, 15, 16] compared LTL with other biomarkers, and one [17] compared LTL with both biomarker and other
predictors. These four studies [9, 15–17] focused on effect sizes and/or the significance of LTL;
none quantified the discriminatory ability of LTL and compared it with a range of established
mortality predictors such as those included in existing prognostic indexes [18]. A further limitation of these four studies is that they were based on samples of very old individuals and in
one case [17] drew from a clinical population of discharged hospital patients. Unlike this investigation, none was based on a nationally-representative sample including cohorts young
enough to have only minimal bias from selective mortality.
Telomeres—the repetitive DNA sequences that cap the chromosomes to protect them from
fusion and degradation—shorten with each cell division [19]. Eventually, they reach a critical
minimum length, triggering the cell to stop dividing [20]. Thus at the cellular level, telomeres
act as a ‘molecular clock’, but to what extent they explain organismal aging—or mortality—is
debatable [21, 22]. Some suggest that cell senescence triggered by telomere dysfunction contributes to the decline in tissue function we associate with aging [23]. Indirect evidence supports this view: some genetic diseases associated with premature aging also lead to telomere
shortening [24, 25], and genetically modified mice with short telomeres manifest symptoms
reminiscent of human aging [24]. Genetic variance studies have also identified several genetic
markers that are associated with both telomere length and various age-related diseases or mortality [26, 27]. Thus, LTL has gained popularity as a marker of aging. Yet, a rigorous comparison of the ability of LTL versus well-established predictors to discriminate decedents from
survivors is lacking.
Our study focuses on all-cause mortality. Mortality is an attractive metric of aging because
death is a well-defined and salient outcome with minimal measurement error when vital status
is determined from virtually complete death registration records. Prior evidence regarding the
relationship between LTL and mortality has been mixed. Telomere length was found to be longer in a high longevity region of Costa Rica as compared to the rest of the country [28]. While
some studies have reported an inverse association between LTL and all-cause mortality [2–14];
others have found no relationship [15–17, 29–37] or only a marginally significant association
[38, 39]. Recently, the largest study to date [8] reported an association between short LTL and
mortality, including cancer mortality, although genetically-determined short telomeres were
protective of cancer mortality. Thus, the relationship between shorter telomeres and mortality
appears to be a complex one, potentially confounded by multiple factors, and causal linkages
have not been established [7]. Here we pose a more fundamental question: can LTL predict
mortality better than other well-established and less costly predictors?
Many studies of LTL and mortality focus on the significance of the association, but statistical significance is not a sufficient criterion to evaluate the incremental value of a marker.
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Similarly, the effect size or magnitude of the association (e.g., a hazard ratio) is useful for identifying risk factors, but it is not an appropriate statistical tool for quantifying predictive accuracy because even strong associations (e.g., large hazard ratios) may yield little improvement in
discrimination [40, 41]. For example, a large and significant hazard ratio associated with
extreme values of a particular biomarker may not distinguish well between survivors and decedents in a statistical model if very few people have such extreme values of the biomarker. In
contrast to previous approaches, here we quantify the prognostic or discriminatory value of
LTL for predicting five-year all-cause mortality in terms of its ability to differentiate between
decedents and survivors compared with 21 well-established predictors of mortality. We use
data from nationally representative samples of older persons in Costa Rica (ages 61+), Taiwan
(ages 54+), and the U.S. (ages 60+).

Materials and Methods
Data
Data come from the second wave (fielded in 2006–08) of the Costa Rican Study on Longevity
and Healthy Aging (CRELES), the 1999–2002 waves of the National Health and Nutrition
Examination Survey (NHANES), and the 2000 wave of the Social Environment and Biomarkers of Aging Study (SEBAS). Details regarding sampling design and response rates for each
dataset are provided elsewhere [42–44].
Among 2364 respondents aged 61 and older who completed the CRELES wave 2 interview,
2166 provided a blood sample from which DNA was extracted and banked. A subsample (N =
994) of these respondents was selected for the LTL assay, including all those from the Nicoya
region and a probability sample of the remainder. The concentration of the stored DNA specimen was insufficient for 71 of those selected, leaving an analysis sample of 923.
For NHANES, we restricted the analysis to persons aged 60 and older (for comparability
with the other samples and to allow for the inclusion of cognitive function, which was not
asked of respondents younger than 60), among whom 3706 completed the interview, 3234 participated in the exam, and 3068 were eligible for blood sampling. Of those eligible, the analysis
sample comprised 2672 individuals who supplied a DNA specimen.
Among 1497 respondents aged 54 and older who completed the 2000 SEBAS household
interview, 1386 were eligible for the exam and 111 were ineligible because of a health condition.
Of those eligible, 363 refused the exam and 47 had insufficient DNA, leaving an analysis sample
of 976.

Ethics Statements
All three surveys obtained written, informed consent from all participants and received human
subjects approval from the institutional review boards (IRB) at the institutions conducting the
studies: the Ethical Science Committee of the University of Costa Rica (VI-763-CEC-23-04)
[CRELES]; Princeton University IRB (#1848, #2193, #2791, #3391), Georgetown University
IRB (#1999–195), and the Joint IRB in Taiwan (NIFP-IRB-2000-01) [SEBAS]; NCHS Research
Ethics Review Board (Protocol #98–12) [NHANES].

Mortality
Survival status was determined based on administrative records and in the case of CRELES,
complementary survey follow-up (see S1 Appendix). The number of respondents who died
within five years was 276 in CRELES, 442 in NHANES, and 128 in SEBAS.
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Predictors
LTL was measured using quantitative polymerase chain reaction (Q-PCR) to determine the relative ratio of telomere to a single-copy gene (T/S ratio) in all three studies, although there were
some differences in the assay protocol (see S1 Appendix). The three datasets were analyzed independently (e.g., LTL values from the three studies were not pooled). The inter-assay coefficients
of variation for the three studies were: 3.7% for CRELES, 6.5% for NHANES, and 7% for SEBAS.
Within each study, we tested LTL against a broad set of well-established predictors of mortality, many of which are used in existing prognostic indexes (eprognosis.ucsf.edu). They comprise two demographic variables (age, sex), three social factors (marital status, education, and
social integration), two health behaviors (smoking, physical activity), six self-reported measures of health status (global self-assessed health, activities of daily living (ADL) limitations,
mobility limitations, history of diabetes, history of cancer, and number of hospital days/stays in
the past 12 months), a cognitive assessment, and seven biomarkers (systolic and diastolic blood
pressure, total cholesterol, glycosylated hemoglobin, body mass index, C-reactive protein, and
serum creatinine) in addition to LTL. See Table 1 for details.

Statistical Analysis
A substantial portion of each sample was missing data for at least one predictor. To maximize
use of the data, we followed standard practices of multiple imputation (see S1 Appendix).
Descriptive statistics were weighted to account for oversampling and differential response rates
(S2 Table). All models were fitted separately by country using a Cox hazards model with
unweighted data. To quantify the predictive ability of each variable, we used the Area Under the
Receiver Operating Characteristic Curve (AUC), a commonly used measure of discrimination
with values ranging from 0 to 1, where 0.5 indicates the model performs no better than chance
and 1.0 represents perfect accuracy. The AUC can be interpreted as the probability that the
model predicts a higher probability of death for those who died than for those who survived [52].
Pencina et al. [40] suggest that an increase of 0.01 in the AUC is a meaningful improvement.
We first tested each predictor individually using duration of follow-up as the metric for
time. Education, exercise frequency, and self-assessed health status were treated as categorical
in order to allow for non-linear effects. We tested each predictor for non-proportional hazards
(i.e., effect of the predictor varies with duration of follow-up). In cases where the interaction
between the predictor and duration was significant (p<0.05), we included that interaction in
the model. In CRELES, the effects of marital status, exercise frequency, systolic blood pressure,
and C-reactive protein diminished with time. For NHANES, the effect of diabetes weakened
over time. There was no evidence of non-proportional hazards in SEBAS.
Next, we ran models that controlled for age (i.e., using age as the time metric so as to estimate age-specific mortality) and tested each of the remaining 21 predictors individually. To
allow for non-proportional hazards (i.e., effect of the predictor varies across age), we tested an
interaction between each predictor and age. We included in the final model interactions that
were significant: sex, social integration, C-reactive protein, and serum creatinine for SEBAS;
marital status, social integration, and exercise frequency for NHANES; but none for CRELES.
Our final models controlled for both age (as the clock) and sex. These models tested the
incremental contribution for each of the remaining 20 predictors individually. Again, we
included the interactions with age noted above.

Results
When the 22 variables were tested individually, chronological age was, by far, the single best predictor of five-year mortality (AUC = 0.78 in Costa Rica, 0.74 in Taiwan, and 0.71 in the U.S.;
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Table 1. Potential predictors included in the analysis.
Costa Rica [CRELES]

Taiwan [SEBAS]

U.S. [NHANES]

Demographic characteristics
1) Age at exam

61+

2) Sex

Male, Female

54+

60+

Social factors
3) Marital status

Categorical: Married/partner; Widowed; Divorced/separated; Never married

4) Educationa

Completed Years

Completed Years

Categorical

Very low

None

None

Less than 9th grade

Low

1–2 years

1–5 years

9th– 11th grade

Medium

3–5 years

6 years

High school diploma/GED

High

6–9 years

7–11 years

Some college or associate degree

Very high

10+ years

12+ years

College graduate or higher

Based on 5 items; Cronbach’s α = 0.58

Based on 11 items; Cronbach’s α = 0.73

Based on 3 items; Cronbach’s α =
0.72

5) Social
integration indexb
Health behaviors
6) Smoking status

Categorical: Never; Former Smoker; Current Smoker

7) Exercise
frequency

Dummy: Exercised 3+ times per week in
past 12 months

Categorical: None; <3 times per week; 3–5
times per week; 6+ times per week

Cumulative frequency of moderate/
vigorous leisure-time physical
activities in past 30 days, recoded:
None; <12, 12–29, 30+

Health status (self-reported)
8) Self-assessed
health status

Based on a simple question that is typically worded: “How would you rate your overall health?” and has ﬁve response categories
ranging from “poor” to “excellent.”

9) Number of ADL
limitationsc

Based on 5 ADLs

Based on 6 ADLs

Based on 5 ADLs

10) Index of
mobility limitationsd

Based on 4 physical tasks; coded on a
3-point scale from no difﬁculty to unable

Based on 8 physical tasks; coded on a
4-point scale from no difﬁculty to unable

Based on 8 physical tasks; coded on
a 4-point scale from no difﬁculty to
unable

11) History of
diabetes

Doctor told you that you have. . .

Ever had. . .

Ever told by a doctor. . .

12) History of
cancer

Doctor told you that you have. . .

Ever had. . .

Ever told by a doctor. . .

13) Hospital days/
stays, past 12
months

Days

Stays

Stays

Based on tasks from the MMSE [45] (basic
orientation, immediate & delayed recall,
follow a 3-stage command, copy a
geometric design) as well as a reverse
recall task

Based on several items from the SPMSQ
[46] (basic orientation, serial subtraction), a
word recall task from the modiﬁed RAVLT
[47], & a modiﬁed version of the Digits
Backwards Test [48]

WAIS III (Wechsler Adult Intelligence
Scale, Third Edition) Digit Symbol
Substitution Test [49, 50]

15) Systolic blood
pressure (SBP)

Mean of 1st & 2nd readings taken at home

Mean of 1st & 2nd readings taken in the
hospital

Mean of 1st & 2nd readings taken in
the Mobile Exam Center (MEC)

16) Diastolic blood
pressure (DBP)

Mean of 1st & 2nd readings (at home)

Mean of 1st & 2nd readings (in hospital)

Mean of 1st & 2nd readings (MEC)

17) Total
cholesterol (TC)

Metabolic risk factor associated with cardiovascular disease

18) Glycosylated
hemoglobin
(HbA1c)

Marker of glucose metabolism

19) Body mass
index (BMI)

Measure of body fat computed as body weight (in kg) divided by height (in m) squared

Interviewer-administered assessment
14) Cognitive
functione

Biomarkers

(Continued)
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Table 1. (Continued)
Costa Rica [CRELES]

Taiwan [SEBAS]

20) C-reactive
protein (CRP)

Inﬂammatory marker

21) Serum
creatinine (SCr)

Marker of renal function

22) Leukocyte
telomere length
(LTL)

Measured by the relative ratio of telomere to a single-copy gene (T/S ratio)

U.S. [NHANES]

Abbreviations: ADL, Activities of Daily Living; MMSE, Mini-Mental State Exam; RAVLT, Rey Auditory Verbal Learning Test; SPMSQ, Short Portable
Mental Status Questionnaire.
Because education was coded in ﬁve categories for NHANES, we recoded education (completed years) into categories for CRELES and SEBAS as
well.

a

b

See S1 Table for a detailed list of the components included in the social integration index for each country.

Because the level of measurement varied across items, we standardized each of the components (based on the within-country distribution) and then
calculated the mean across valid items if at least 75% items were valid.
c

ADLs included: eating; getting out of bed; moving around the house; bathing (CRELES, SEBAS); dressing (NHANES, SEBAS); standing up from a chair

(NHANES); using the toilet (CRELES, SEBAS).
d
The index was based on difﬁculty performing various physical tasks without assistance.
Three of the tasks were asked in all three surveys (walking, climbing stairs, reaching overhead), although CRELES asked respondents to demonstrate
whether they could lift their arms above their shoulders whereas the other two surveys relied on self-report. The fourth task differed across surveys:
pushing/pulling large objects (CRELES), sitting for a long period (NHANES), and running a short distance (SEBAS). NHANES and SEBAS included four
additional tasks that were not asked in CRELES: standing for an extended period, lifting or carrying something somewhat heavy, grasping an object with
her/his ﬁngers, and bending/kneeling/squatting. Based on the recommendations of Long & Pavalko [51], we constructed the index by summing the
available items (potential range: 0–8 in CRELES; 0–24 in NHANES and SEBAS), adding a constant (0.5), and taking the logarithm of the result, which
allows for relative rather than absolute effects.
e

The summary measure of cognitive function is based on the respondent’s ability to perform various tasks administered by the interviewer.

doi:10.1371/journal.pone.0152486.t001

Table 2). Although LTL was significantly associated with mortality in all three countries
(Table 3, Model 1), LTL ranked 7th in Costa Rica, 10th in Taiwan, and 9th in the U.S. (Fig 1).
LTL was somewhat better than random chance in discriminating between decedents and survivors: AUC = 0.59 in Costa Rica; 0.57 in Taiwan; 0.58 in the U.S. (Table 2). In addition to age,
several self-reported variables and the cognitive assessment were stronger predictors of mortality than LTL. Among the eight biomarkers, LTL ranked second in Costa Rica, fourth in Taiwan,
and third in the U.S. Body mass index (inversely associated with mortality) ranked higher than
LTL in all countries, while serum creatinine outperformed LTL in two of the three countries.
With the exception of LTL, the biomarkers tested here represent clinical markers commonly
used in treatment decisions. Yet, five of the eight biomarkers offered weak discrimination
(AUC<0.60) in all three countries.
The next set of models controlled for age and again included each of the remaining predictors individually. LTL fell to 17th place in Costa Rica, 21st in Taiwan, and 16th in the U.S. (out
of 21). Net of age, the incremental contribution of LTL was substantially smaller
(ΔAUC<0.007) than the contributions of the best predictor in each country: self-reported
mobility in Costa Rica (ΔAUC = 0.017) and self-assessed health status in Taiwan
(ΔAUC = 0.02) and U.S. (ΔAUC = 0.042; Table 3, Model 2). Self-reported mobility was among
the top five predictors of mortality in all three countries.
Because LTL is strongly correlated with both age and sex [21, 22], we ran a final set of models that adjusted for both age and sex. LTL still ranked low (15th in Costa Rica, 17th in Taiwan
and the U.S.; Fig 2) and its incremental contribution was very small (ΔAUC<0.002; Table 4).
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Table 2. AUC and Rank for 22 Potential Predictors of All-Cause Mortality, by Country.
Costa Rica (N = 923)

Taiwan (N = 976)

U.S. (N = 2672)

Predictor

AUC

Rank

AUC

Rank

AUC

Rank

Age

0.776

1

0.744

1

0.714

1

Sex

0.536

18

0.520

20

0.557

14

Marital status

0.632

6

0.625

4

0.551

17

Education

0.564

13

0.591

7

0.56

11

Social integration

0.538

17

0.558

14

0.557

13

Smoking status

0.566

11

0.555

16

0.548

19

Exercise frequency

0.582

9

0.522

19

0.600

7

Self-assessed health status

0.534

19

0.578

9

0.618

6

Number of ADL limitations

0.676

4

0.555

15

0.633

5

Index of mobility limitations

0.727

2

0.671

3

0.674

2

History of diabetes

0.524

20

0.562

12

0.534

22

History of cancer

0.508

22

0.502

22

0.546

20

Number of hospital days/stays

0.546

15

0.554

17

0.556

15

Cognitive function

0.723

3

0.679

2

0.662

3

Systolic blood pressure

0.564

12

0.558

13

0.555

16

Diastolic blood pressure

0.585

8

0.511

21

0.576

10

Total cholesterol

0.540

16

0.568

11

0.549

18

Glycosylated hemoglobin

0.514

21

0.535

18

0.537

21

Body mass index

0.633

5

0.583

8

0.589

8

C-reactive protein

0.554

14

0.619

5

0.559

12

Serum creatinine

0.578

10

0.611

6

0.654

4

Leukocyte telomere length

0.593

7

0.570

10

0.580

9

doi:10.1371/journal.pone.0152486.t002
Table 3. Hazard ratios (HR) and gain in AUC attributable to LTL and selected best predictors of all-cause mortality. CRELES (Costa Rica, N = 923),
SEBAS (Taiwan, N = 976), and NHANES (U.S., N = 2672).
HRa

Gain in AUCb

CRELES

SEBAS

NHANES

a) LTL

0.77***

0.82*

0.70***

0.093

0.070

0.080

b) Age

2.40***

2.41***

4.94***

0.276

0.244

0.214

c) Self-Reported Mobility

2.13***

1.79***

1.71***

0.227

0.171

0.174

d) Cognitive Function

0.65***

0.59***

0.63***

0.223

0.179

0.162

e) ADL limitations

1.76***

1.25***

1.39***

0.176

0.055

0.133

<0.001

<0.001

0.006

0.017

0.013

0.036

0.004

0.020

0.042

0.008

0.016

0.026

Model 1: Unadjusted

SEBAS

NHANES

vs. Random Chance (AUC = 0.50)

Model 2: Adjusted for age

vs. Age only

a) LTL

1.05

0.93

0.85*

b) Self-Reported Mobility

1.45***

1.35**

1.53***

c) Self-Assessed Health (SAH)
Poor (ref)

1.00

1.00

1.00

Fair

1.06

0.34**

0.42***

Good

0.90

0.37**

0.30***

Very Good

0.61+

0.31**

0.21***

Excellent

0.89

0.17***

0.19***

0.84*

0.73***

0.66***

d) Cognitive Function

CRELES

(Continued)
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Table 3. (Continued)
HRa

Gain in AUCb

CRELES

SEBAS

NHANES

a) LTL

1.07

0.92

0.88+

0.001

<0.001

0.002

b) Self-Reported Mobility

1.51***

1.45***

1.60***

0.021

0.014

0.038

0.004

0.018

0.039

Poor (ref)

1.00

1.00

1.00

Fair

1.04

0.34**

0.42***

Good

0.89

0.36**

0.31***

Very Good

0.61+

0.31**

0.21***

Excellent

0.89

0.16***

0.19***

d) Cognitive Function

0.84*

0.71***

0.67***

0.008

0.015

0.021

e) ADL limitations

1.30***

1.12*

1.30***

0.012

0.007

0.026

1.09***

0.010

0.017

0.007

Model 3: Adjusted for age and sex

CRELES

SEBAS

NHANES

vs. Age and Sex only

c) Self-Assessed Health Status

f) CRP

, c

1.23***

1.42***

--

0.99+

a) LTL

1.06

0.94

0.88+

b) Self-Reported Mobility

1.48***

1.41**

1.57***

Poor (ref)

1.00

1.00

1.00

Fair

1.04

0.38**

0.43***

Good

0.82

0.41**

0.31***

Very Good

0.58+

0.33**

0.21***

Excellent

0.82

0.21**

0.20***

d) Cognitive Function

0.81*

0.76**

e) ADL limitations

1.30***

1.13*

f) CRP

1.24***

1.52**

--

0.99*

CRP x Age

--

Model 4: Adjusted for all sociodemographic controlsd

vs. Sociodemographic controls only
<0.001

<0.001

0.002

0.018

0.011

0.032

0.005

0.012

0.031

0.66***

0.006

0.008

0.013

1.29***

0.010

0.004

0.025

1.08***

0.007

0.017

0.006

c) Self-Assessed Health Status

CRP x Age

--

p < 0.10,
* p < 0.05,

+

** p < 0.01,
*** p < 0.001,
two-tailed.
Note: The best predictor of mortality for a given model in the speciﬁed country is indicated with bold type.
a
b
c

With the exception of self-assessed health status and education, the HR represents the effect per SD of the speciﬁed predictor.
Change in the AUC is based on a comparison between a model that includes the speciﬁed predictor with one that excludes that predictor.
The effect of the predictor varied with age; the main effect represents the HR at age 54.

d

In addition to age and sex, sociodemographic control variables include race/ethnicity (except in Costa Rica were race/ethnicity was not asked because
90% of the population is white/mestizo), marital status, and educational attainment.
In order to account for sampling design, the models for Taiwan also included urban residence and the models for Costa Rica included residence in the
Nicoya region.
doi:10.1371/journal.pone.0152486.t003

Net of age and sex, 13 variables were more powerful predictors of mortality than LTL in all
three countries: 10 self-reported (mobility, self-assessed health status, ADL limitations, cognitive function, smoking, exercise, hospital stays/days, marital status, education, and social integration) and 3 biomarkers (C-reactive protein, serum creatinine, and glycosylated
hemoglobin). Self-reported mobility was consistently one of the best prognostic measures,
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Fig 1. AUC for 22 Potential Predictors of Five-Year Mortality. (A) Costa Rica. (B) Taiwan. (C) U.S. Only the top 10 predictors are labeled. Abbreviations:
ADL, Activities of daily living; AUC, Area under the receiver-operating-characteristic curve; BMI, Body Mass Index; CRP, C-reactive protein; DBP, Diastolic
blood pressure; LTL, Leukocyte telomere length; SAH, Self-assessed health status; SCr, Serum creatinine.
doi:10.1371/journal.pone.0152486.g001

ranking 1st in Costa Rica (ΔAUC = 0.021), 2nd in the United States (ΔAUC = 0.038), and 4th
in Taiwan (ΔAUC = 0.014).

Robustness to Alternative Specifications
Because the onset of cellular senescence is triggered by the shortest telomeres [53], LTL may
have a non-linear association with mortality. When we categorized LTL and the other biomarkers into quintiles, the results remained similar (see S1, S2 and S3 Figs, Panel B). Net of age
and sex, LTL still yielded a small improvement in discrimination (ΔAUC<0.005) in all countries. We found no evidence of a non-linear relationship between average LTL and mortality.
Some have suggested that the association between LTL and mortality may be stronger at
younger ages [21, 54]. We explored this hypothesis using all respondents 20 and older for
whom LTL was assayed in the U.S. (N = 7822; data from Costa Rica and Taiwan did not
include younger individuals). We found no evidence that the effect of LTL on mortality varied
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Fig 2. Gain in AUC for 20 Potential Predictors of Five-Year Mortality After Adjustment for Age and Sex. (A) Costa Rica. (B) Taiwan. (C) U.S. Only the
top 10 predictors and LTL are labeled. Abbreviations: ADL, Activities of daily living; AUC, Area under the receiver-operating-characteristic curve; CRP, Creactive protein; HbA1c, Glycosylated hemoglobin; SAH, Self-assessed health status; SCr, Serum creatinine.
doi:10.1371/journal.pone.0152486.g002

significantly by age, whether we treated age as linear or categorical: 20–59, 60–74, 75–84, 85+
(see S2 Appendix and S3 Table). The findings based on respondents 20 and older (S4 Fig,
Panel A) were similar to those presented here. This consistency results largely from the small
number of deaths between ages 20 and 59, many of which result from external causes.
The strength of LTL as a mortality predictor may also vary by length of follow-up. For
example, among people who are critically ill, LTL might be inflated because of a shift in the distribution of leukocyte subtypes (e.g., an increase in the proportion of neutrophils, which tend
to have longer telomere length than lymphocytes [55]). An increase in LTL just prior to death
would weaken the relationship with short-term mortality. It is also plausible that LTL is a
stronger predictor of long-term than short-term mortality because telomere length reflects the
gradual process of cellular aging. However, our tests for non-proportional hazards showed no
evidence that the effect of LTL varied by duration of follow-up in any country. When we
excluded deaths within one year after LTL measurement (N = 64 in CRELES, N = 15 in SEBAS,
and N = 55 in NHANES) and modeled the association between LTL and mortality from one to
five years post-exam, LTL ranked lower relative to the other predictors. After extending the
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Table 4. Gain in AUC after adjustment for age and sex for 20 potential predictors of all-cause mortality, by country.
Costa Rica (N = 923)
Predictor

Gain in AUC

Rank

Taiwan (N = 976)
Gain in AUC

U.S. (N = 2672)
Rank

Gain in AUC

Rank

Marital status

0.006

10

0.006

11

0.008

10

Education

0.002

13

0.009

7

0.007

13

Social integration

0.002

14

0.003

15

0.004

14

Smoking status

0.009

7

0.006

10

0.016

6

Exercise frequency

0.006

9

0.005

13

0.020

5

Self-assessed health status

0.004

11

0.018

1

0.039

1

Number of ADL limitations

0.012

2

0.007

9

0.026

3

Index of mobility limitations

0.021

1

0.014

4

0.038

2

History of diabetes

0.000

19

0.010

6

0.011

7

History of cancer

0.000

20

0.000

19

0.003

15

Number of hospital days/stays

0.011

3

0.006

12

0.010

9

Cognitive function

0.008

8

0.015

3

0.021

4

Systolic blood pressure

0.000

16

0.000

18

0.001

18

Diastolic blood pressure

0.003

12

0.001

16

0.001

20

Total cholesterol

0.000

18

0.004

14

0.001

19

Glycosylated hemoglobin

0.009

6

0.007

8

0.008

11

Body mass index

0.000

17

-0.001

20

0.002

16

C-reactive protein

0.010

4

0.017

2

0.007

12

Serum creatinine

0.009

5

0.011

5

0.010

8

Leukocyte telomere length

0.001

15

0.000

17

0.002

17

doi:10.1371/journal.pone.0152486.t004

follow-up period to include all available data (mean 6.6 years for CRELES, 11.2 years for
SEBAS, and 9.9 years for NHANES) and including all U.S. respondents aged 20 and older, we
found that LTL contributed a negligible improvement in the AUC (<0.001) net of age and sex.
In sum, we found little evidence that the association between LTL and mortality differed by
length of follow-up.
Next, we re-estimated the models adjusting for a broader set of sociodemographic control
variables, including race/ethnicity, marital status, and education. The results were essentially
unchanged: LTL still ranked low and the incremental improvement in the AUC net of age and
sex remained very small (Table 3, Model 4 and S1, S2 and S3 Figs, Panel C).
Finally, results from a similar set of models using cause-specific mortality (i.e., cardiovascular disease, cancer, and all other causes combined; see S2 Appendix and S4 Table) as the outcome were consistent with those presented here for all-cause mortality. Net of age and sex, LTL
yielded a negligible improvement in the AUC and ranked well below many other predictors
(S5 Table and S4, S5 and S6 Figs).

Discussion
Technological advances allow us to measure intricate details about human physiology. Yet, to
prove its worth, a novel biomarker should tell us more than we already know based on simpler
observables. The biological processes of telomere shortening and subsequent cell senescence
suggest potentially strong linkages between telomere length, aging, and survival. Previous
efforts that have identified statistically significant linkages between telomere length and mortality seemingly provide some support for this expectation. However, prior to our analysis, the
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discriminatory ability of telomere length relative to well-established variables in the social and
health sciences had never been evaluated.
Consistent with several studies that examined the relationship between LTL and five-year allcause mortality, we found a significant hazard ratio in an unadjusted model, although the effect
size was modest and was largely attenuated after controlling for age (Table 3). More importantly
for the purpose of prognosis, we found that LTL had little discriminatory ability and under-performed many conventional predictors of mortality, including easily collected self-reported measures. Indeed, 13 variables were more powerful predictors of mortality than LTL in all three
countries. The self-reported measure of mobility limitations was consistently one of the strongest predictors of all-cause mortality. Given that strong mortality predictors are almost certainly
proxies for myriad factors accumulated over a lifetime, the subjective nature of self-reports has
the advantage of capturing perceptions that may integrate complex information.
The weak contribution of LTL may result, at least in part, from the difficulty of measurement. There is notable measurement error in LTL analysis resulting from various sources
including DNA quality and within- and between-well and -plate error [56]. In addition, normal
day-to-day variation in LTL represents noise that reduces statistical power to isolate the underlying signal [57]. Random variation—whether it results from measurement error or other factors—will lead to attenuation bias. If non-systematic error is greater for LTL than for other
variables, it would reduce the relative ranking of LTL. Importantly, the inter-assay coefficient
of variation of the three studies reported here ranges from 4 to 7%, which is on the lower end
of the reported variation for Q-PCR telomere length assays [56].
A further limitation is that this study evaluates only a one-time measurement of LTL. We do
not have the data to quantify individual-level changes in LTL over time for all three datasets, and
thus cannot assess whether the rate of telomere shortening might provide more prognostic power.
One important challenge in estimating the effects of LTL attrition is that measurement error
becomes a much bigger problem. If there is substantial measurement error, the apparent change
in LTL may reflect more noise than signal, and statistical power would be severely compromised.
An additional concern is that our analysis is limited to telomere length in leukocytes, which
may not reflect telomere length in other tissues. Although telomere lengths from various tissues
are well-correlated [1], that may not hold across all tissue types. Furthermore, the distribution
of leukocyte (white blood cell, WBC) subtypes may affect measures of LTL because the Q-PCR
technique yields a weighted average across a mix of different cell types. Although highly correlated, different WBC subsets have different telomere lengths [55, 58, 59]. However, Glei et al.
[7] showed that controlling for WBC distribution had little effect on the association between
LTL and mortality.
Evidence suggests that it is the shortest telomeres, rather than average telomere length, that
determine the onset of cellular senescence [53]. Using the Terminal Restriction Fragment
method, Kimura et al. [37] found that the average length of the shortest telomeres was a better
predictor of mortality than the overall average LTL. Unfortunately, the Q-PCR technique used to
assay LTL in our study does not provide information about the distribution of telomere lengths.
The finding that LTL is a weak predictor of mortality in the general population might be
explained in part by competing risks. Both extrinsic risk factors and other intrinsic processes
may lead to death long before they lead to substantial telomere shortening. The association
between LTL and mortality may appear stronger in healthy subpopulations where many competing risks are dormant. However, in exploratory analyses that excluded respondents who
reported poor or fair health, the increase in AUC attributable to LTL continued to be very
small (results not shown).
Finally, we have evaluated LTL and the other variables only in terms of their ability to predict mortality. This constraint entails two important limitations. First, while LTL is not a strong
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predictor of mortality among older people, it could be a valuable marker of healthspan or of
particular aging-related diseases. LTL has been associated with multiple diseases of aging, with
the strongest associations for coronary heart disease [60]. One study reported that short LTL
was associated with fewer years of healthy life, but not with shorter lifespan, supporting the
notion that LTL might be a biomarker of healthy aging, but not a biomarker of survival [31].
However, our auxiliary analyses of cause-specific mortality (i.e., cardiovascular, cancer, and all
other causes combined) suggest that LTL does not perform well against other predictors. Second, the best predictors do not necessarily have causal effects on mortality; they may not represent root causes that can be modified or treated to lower the risk of premature mortality.
Nevertheless, accurate prognosis is important when patients and their doctors weigh the risks
and benefits of a given treatment.
We find that the molecular clock is nowhere near as powerful as chronological age when it
comes to predicting five-year mortality—at least among older humans. Net of age and sex,
numerous variables were better predictors of mortality than LTL including self-reported mobility, self-assessed health status, an assessment of cognitive function, smoking, exercise, an
inflammatory marker (C-reactive protein), and a marker of kidney function (serum creatinine). Although LTL may eventually help scientists understand aging, more powerful and
more easily obtained tools are available for predicting survival.

Supporting Information
S1 Appendix. Additional Details Regarding Methods.
(DOCX)
S2 Appendix. Supplementary Results.
(DOCX)
S1 Data. Stata (version 12.1) dataset with CRELES variables used in this analysis (N = 923).
(DTA)
S1 Fig. Predictors of Five-Year All-Cause Mortality After Adjustment for Age and Sex
Ranked by the Gain in AUC, Comparison with Alternative Specifications, Costa Rica
(N = 934, Aged 61+). A, Same model shown in Fig 2(A). B, Biomarkers specified as categorical
(quintiles). C, Adjusted for additional sociodemographic variables (i.e., marital status, education, and Nicoya region). Only the top 10 predictors and LTL are labeled. Abbreviations: ADL,
Activities of daily living; AUC, Area under the receiver-operating-characteristic curve; CRP, Creactive protein; HbA1c, Glycosylated hemoglobin; LTL, Leukocyte telomere length; SAH,
Self-assessed health status; SBP, Systolic blood pressure; SCr, Serum creatinine.
(DOCX)
S2 Fig. Predictors of Five-Year All-Cause Mortality After Adjustment for Age and Sex
Ranked by the Gain in AUC, Comparison with Alternative Specifications, Taiwan
(N = 976, Aged 54+). A, Same model shown in Fig 2(B). B, Biomarkers specified as categorical
(quintiles). C, Adjusted for additional sociodemographic variables (i.e., ethnicity, marital status, education, and urban). Only the top 10 predictors and LTL are labeled. Abbreviations:
ADL, Activities of daily living; AUC, Area under the receiver-operating-characteristic curve;
CRP, C-reactive protein; HbA1c, Glycosylated hemoglobin; LTL, Leukocyte telomere length;
SAH, Self-assessed health status; SCr, Serum creatinine, TC, Total cholesterol.
(DOCX)
S3 Fig. Predictors of Five-Year All-Cause Mortality After Adjustment for Age and Sex
Ranked by the Gain in AUC, Comparison with Alternative Specifications, U.S. (N = 3672,

PLOS ONE | DOI:10.1371/journal.pone.0152486 April 6, 2016

13 / 18

Predicting Survival Using Telomere Length

Aged 60+). A, Same model shown in Fig 2(C). B, Biomarkers specified as categorical (quintiles). C, Adjusted for additional sociodemographic variables (i.e., race/ethnicity, marital status,
and education). Only the top 10 predictors and LTL are labeled. Abbreviations: ADL, Activities
of daily living; AUC, Area under the receiver-operating-characteristic curve; CRP, C-reactive
protein; HbA1c, Glycosylated hemoglobin; LTL, Leukocyte telomere length; SAH, Self-assessed
health status; SCr, Serum creatinine.
(DOCX)
S4 Fig. Predictors of Cause-Specific Mortality After Adjustment for Age and Sex, Ranked
by the Gain in AUC, U.S. (N = 7822, Aged 20+). A, All causes. B, Cardiovascular. C, Cancer.
D, All other causes. Only the top 10 predictors and LTL are labeled. Abbreviations: ADL, Activities of daily living; AUC, Area under the receiver-operating-characteristic curve; HbA1c, Glycosylated hemoglobin; LTL, Leukocyte telomere length; SAH, Self-assessed health status; SBP,
Systolic blood pressure; SCr, Serum creatinine.
(DOCX)
S5 Fig. Predictors of Cause-Specific Mortality After Adjustment for Age and Sex, Ranked
by the Gain in AUC, Costa Rica (N = 923, Aged 61+). A, All causes. B, Cardiovascular. C,
Cancer. D, All other causes. Only the top 10 predictors and LTL are labeled. Abbreviations:
ADL, Activities of daily living; AUC, Area under the receiver-operating-characteristic curve;
CRP, C-reactive protein; DBP, Diastolic blood pressure; HbA1c, Glycosylated hemoglobin;
LTL, Leukocyte telomere length; SAH, Self-assessed health status; SBP, Systolic blood pressure;
SCr, Serum creatinine.
(DOCX)
S6 Fig. Predictors of Cause-Specific Mortality After Adjustment for Age and Sex, Ranked
by the Gain in AUC, Taiwan (N = 976, Aged 54+). A, All causes. B, Cardiovascular. C, Cancer. D, All other causes. Only the top 10 predictors and LTL are labeled. Abbreviations: ADL,
Activities of daily living; AUC, Area under the receiver-operating-characteristic curve; CRP, Creactive protein; DBP, Diastolic blood pressure; HbA1c, Glycosylated hemoglobin; LTL, Leukocyte telomere length; TC, Total cholesterol; SAH, Self-assessed health status; SBP, Systolic
blood pressure; SCr, Serum creatinine.
(DOCX)
S1 Table. Variables Included in Index of Social Integration for Each Dataset.
(DOCX)
S2 Table. Descriptive Statistics for All Analysis Variables, Weighted.
(DOCX)
S3 Table. Models Testing for Age-Dependent Effects of LTL on All-Cause Mortality.
NHANES (U.S.), Ages 20 and Older (N = 7,822).
(DOCX)
S4 Table. Analysis Samples for Cause-Specific Mortality Using All Available Data.
(DOCX)
S5 Table. Hazard Ratios (HR) and Gain in AUC Attributable to LTL and the Best Predictorsa of Cause-Specific Mortality Adjusted for Age and Sex. CRELES (Costa Rica, N = 923,
aged 61+), SEBAS (Taiwan, N = 976, aged 54+), and NHANES (U.S., N = 7822, aged 20+).
(DOCX)

PLOS ONE | DOI:10.1371/journal.pone.0152486 April 6, 2016

14 / 18

Predicting Survival Using Telomere Length

Acknowledgments
We are grateful to: Julie Malicdem for technical support with telomere length measurements
for SEBAS; Germán Rodríguez for statistical and programming assistance; the many investigators, staff, and fieldworkers at the Universidad de Costa Rica, Centro Centroamericano de
Población, and Instituto de Investigaciones en Salud who made the CRELES study possible; and
the staff at the Center for Population and Health Survey Research (Bureau of Health Promotion, Taiwan Department of Health) who were instrumental in the design and implementation
of the SEBAS and supervised all aspects of the fieldwork and data processing.

Author Contributions
Conceived and designed the experiments: DAG NG RAR DHR WHD LR-B MW. Performed
the experiments: RAR. Analyzed the data: DAG. Contributed reagents/materials/analysis tools:
RAR. Wrote the paper: DAG NG RAR DHR WHD LR-B MW.

References
1.

Daniali L, Benetos A, Susser E, Kark JD, Labat C, Kimura M, et al. Telomeres shorten at equivalent
rates in somatic tissues of adults. Nat Commun 2013; 4:1597. doi: 10.1038/ncomms2602 PMID:
23511462

2.

Weischer M, Bojesen SE, Cawthon RM, Freiberg JJ, Tybjaerg-Hansen A, Nordestgaard BG. Short telomere length, myocardial infarction, ischemic heart disease, and early death. Arterioscler Thromb Vasc
Biol 2012 Mar; 32(3):822–9. doi: 10.1161/ATVBAHA.111.237271 PMID: 22199369

3.

Ehrlenbach S, Willeit P, Kiechl S, Willeit J, Reindl M, Schanda K, et al. Influences on the reduction of
relative telomere length over 10 years in the population-based Bruneck Study: introduction of a wellcontrolled high-throughput assay. Int J Epidemiol 2009 Dec; 38(6):1725–34. doi: 10.1093/ije/dyp273
PMID: 19666704

4.

Fitzpatrick AL, Kronmal RA, Kimura M, Gardner JP, Psaty BM, Jenny NS, et al. Leukocyte telomere
length and mortality in the Cardiovascular Health Study. J Gerontol A Biol Sci Med Sci 2011 Apr; 66
(4):421–9. doi: 10.1093/gerona/glq224 PMID: 21289018

5.

Honig LS, Kang MS, Schupf N, Lee JH, Mayeux R. Association of shorter leukocyte telomere repeat
length with dementia and mortality. Arch Neurol 2012 Oct; 69(10):1332–9. PMID: 22825311

6.

Cawthon RM, Smith KR, O'Brien E, Sivatchenko A, Kerber RA. Association between telomere length in
blood and mortality in people aged 60 years or older. Lancet 2003 Feb 1; 361(9355):393–5. PMID:
12573379

7.

Glei DA, Goldman N, Weinstein M, Risques RA. Shorter ends, faster end? leukocyte telomere length
and mortality among older Taiwanese. J Gerontol A Biol Sci Med Sci 2015 December; 70(12):1490–8.
doi: 10.1093/gerona/glu191 PMID: 25326284

8.

Rode L, Nordestgaard BG, Bojesen SE. Peripheral blood leukocyte telomere length and mortality
among 64 637 individuals from the general population. J Natl Cancer Inst 2015 Apr 10; 107(6):doi: 10.
1093/jnci/djv074 Print 2015 Jun.

9.

Deelen J, Beekman M, Codd V, Trompet S, Broer L, Hagg S, et al. Leukocyte telomere length associates with prospective mortality independent of immune-related parameters and known genetic markers.
Int J Epidemiol 2014 Jan 14.

10.

Strandberg TE, Saijonmaa O, Tilvis RS, Pitkala KH, Strandberg AY, Miettinen TA, et al. Association of
telomere length in older men with mortality and midlife body mass index and smoking. J Gerontol A Biol
Sci Med Sci 2011 Jul; 66(7):815–20. doi: 10.1093/gerona/glr064 PMID: 21697500

11.

Martin-Ruiz C, Dickinson HO, Keys B, Rowan E, Kenny RA, Von Zglinicki T. Telomere length predicts
poststroke mortality, dementia, and cognitive decline. Ann Neurol 2006 Aug; 60(2):174–80. PMID:
16685698

12.

Astrup AS, Tarnow L, Jorsal A, Lajer M, Nzietchueng R, Benetos A, et al. Telomere length predicts allcause mortality in patients with type 1 diabetes. Diabetologia 2010 Jan; 53(1):45–8. doi: 10.1007/
s00125-009-1542-1 PMID: 19802713

13.

Bakaysa SL, Mucci LA, Slagboom PE, Boomsma DI, McClearn GE, Johansson B, et al. Telomere
length predicts survival independent of genetic influences. Aging Cell 2007 Dec; 6(6):769–74. PMID:
17925004

PLOS ONE | DOI:10.1371/journal.pone.0152486 April 6, 2016

15 / 18

Predicting Survival Using Telomere Length

14.

Lee J, Sandford AJ, Connett JE, Yan J, Mui T, Li Y, et al. The relationship between telomere length and
mortality in chronic obstructive pulmonary disease (COPD). PLoS One 2012; 7(4):e35567. doi: 10.
1371/journal.pone.0035567 PMID: 22558169

15.

Martin-Ruiz C, Jagger C, Kingston A, Collerton J, Catt M, Davies K, et al. Assessment of a large panel
of candidate biomarkers of ageing in the Newcastle 85+ study. Mech Ageing Dev 2011 Oct; 132
(10):496–502. doi: 10.1016/j.mad.2011.08.001 PMID: 21864562

16.

Arai Y, Martin-Ruiz CM, Takayama M, Abe Y, Takebayashi T, Koyasu S, et al. Inflammation, but not
telomere length, predicts successful ageing at extreme old age: a longitudinal study of semi-supercentenarians. EBioMedicine Forthcoming.

17.

Zekry D, Krause KH, Irminger-Finger I, Graf CE, Genet C, Vitale AM, et al. Telomere length, comorbidity, functional, nutritional and cognitive status as predictors of 5 years post hospital discharge survival in
the oldest old. J Nutr Health Aging 2012 Mar; 16(3):225–30. PMID: 22456777

18.

Yourman LC, Lee SJ, Schonberg MA, Widera EW, Smith AK. Prognostic indices for older adults: a systematic review. JAMA 2012 Jan 11; 307(2):182–92. doi: 10.1001/jama.2011.1966 PMID: 22235089

19.

Harley CB, Futcher AB, Greider CW. Telomeres shorten during ageing of human fibroblasts. Nature
1990 May 31; 345(6274):458–60. PMID: 2342578

20.

Chan SW, Blackburn EH. New ways not to make ends meet: telomerase, DNA damage proteins and
heterochromatin. Oncogene 2002 Jan 21; 21(4):553–63. PMID: 11850780

21.

Mather KA, Jorm AF, Parslow RA, Christensen H. Is telomere length a biomarker of aging? A review. J
Gerontol A Biol Sci Med Sci 2011 Feb; 66(2):202–13. doi: 10.1093/gerona/glq180 PMID: 21030466

22.

Sanders JL, Newman AB. Telomere length in epidemiology: a biomarker of aging, age-related disease,
both, or neither? Epidemiol Rev 2013 Jan 9; 35:112–31. doi: 10.1093/epirev/mxs008 PMID: 23302541

23.

Shay JW, Wright WE. Hallmarks of telomeres in ageing research. J Pathol 2007 Jan; 211(2):114–23.
PMID: 17200948

24.

Blasco MA. Telomeres and human disease: ageing, cancer and beyond. Nat Rev Genet 2005 Aug; 6
(8):611–22. PMID: 16136653

25.

Armanios M, Blackburn EH. The telomere syndromes. Nat Rev Genet 2012 Oct; 13(10):693–704. doi:
10.1038/nrg3246 PMID: 22965356

26.

Codd V, Nelson CP, Albrecht E, Mangino M, Deelen J, Buxton JL, et al. Identification of seven loci
affecting mean telomere length and their association with disease. Nat Genet 2013 Apr; 45(4):422,7,
427e1–2. doi: 10.1038/ng.2528 PMID: 23535734

27.

Soerensen M, Thinggaard M, Nygaard M, Dato S, Tan Q, Hjelmborg J, et al. Genetic variation in TERT
and TERC and human leukocyte telomere length and longevity: a cross-sectional and longitudinal analysis. Aging Cell 2012 Apr; 11(2):223–7. doi: 10.1111/j.1474-9726.2011.00775.x PMID: 22136229

28.

Rehkopf DH, Dow WH, Rosero-Bixby L, Lin J, Epel ES, Blackburn EH. Longer leukocyte telomere
length in Costa Rica's Nicoya Peninsula: a population-based study. Exp Gerontol 2013 Nov; 48
(11):1266–73. doi: 10.1016/j.exger.2013.08.005 PMID: 23988653

29.

Harris SE, Deary IJ, MacIntyre A, Lamb KJ, Radhakrishnan K, Starr JM, et al. The association between
telomere length, physical health, cognitive ageing, and mortality in non-demented older people. Neurosci Lett 2006 Oct 9; 406(3):260–4. PMID: 16919874

30.

Martin-Ruiz CM, Gussekloo J, van Heemst D, von Zglinicki T, Westendorp RG. Telomere length in
white blood cells is not associated with morbidity or mortality in the oldest old: a population-based
study. Aging Cell 2005 Dec; 4(6):287–90. PMID: 16300480

31.

Njajou OT, Hsueh WC, Blackburn EH, Newman AB, Wu SH, Li R, et al. Association between telomere
length, specific causes of death, and years of healthy life in health, aging, and body composition, a population-based cohort study. J Gerontol A Biol Sci Med Sci 2009 Aug; 64(8):860–4. doi: 10.1093/gerona/
glp061 PMID: 19435951

32.

Epel ES, Merkin SS, Cawthon R, Blackburn EH, Adler NE, Pletcher MJ, et al. The rate of leukocyte telomere shortening predicts mortality from cardiovascular disease in elderly men. Aging (Albany NY) 2009
Dec 4; 1(1):81–8.

33.

Houben JM, Giltay EJ, Rius-Ottenheim N, Hageman GJ, Kromhout D. Telomere length and mortality in
elderly men: the Zutphen Elderly Study. J Gerontol A Biol Sci Med Sci 2011 Jan; 66(1):38–44. doi: 10.
1093/gerona/glq164 PMID: 20889650

34.

Fitzpatrick AL, Kronmal RA, Gardner JP, Psaty BM, Jenny NS, Tracy RP, et al. Leukocyte telomere
length and cardiovascular disease in the cardiovascular health study. Am J Epidemiol 2007 Jan 1; 165
(1):14–21. PMID: 17043079

35.

Bendix L, Thinggaard M, Fenger M, Kolvraa S, Avlund K, Linneberg A, et al. Longitudinal changes in
leukocyte telomere length and mortality in humans. J Gerontol A Biol Sci Med Sci 2014 Feb; 69(2):231–
9. doi: 10.1093/gerona/glt153 PMID: 24149432

PLOS ONE | DOI:10.1371/journal.pone.0152486 April 6, 2016

16 / 18

Predicting Survival Using Telomere Length

36.

Bischoff C, Petersen HC, Graakjaer J, Andersen-Ranberg K, Vaupel JW, Bohr VA, et al. No association
between telomere length and survival among the elderly and oldest old. Epidemiology 2006 Mar; 17
(2):190–4. PMID: 16477260

37.

Kimura M, Hjelmborg JV, Gardner JP, Bathum L, Brimacombe M, Lu X, et al. Telomere length and mortality: a study of leukocytes in elderly Danish twins. Am J Epidemiol 2008 Apr 1; 167(7):799–806. doi:
10.1093/aje/kwm380 PMID: 18270372

38.

Honig LS, Schupf N, Lee JH, Tang MX, Mayeux R. Shorter telomeres are associated with mortality in
those with APOE epsilon4 and dementia. Ann Neurol 2006 Aug; 60(2):181–7. PMID: 16807921

39.

Needham BL, Rehkopf D, Adler N, Gregorich S, Lin J, Blackburn EH, et al. Leukocyte telomere length
and mortality in the national health and nutrition examination survey, 1999–2002. Epidemiology 2015
Jul; 26(4):528–35. doi: 10.1097/EDE.0000000000000299 PMID: 26039272

40.

Pencina MJ, D'Agostino RB Sr, D'Agostino RB Jr, Vasan RS. Evaluating the added predictive ability of
a new marker: from area under the ROC curve to reclassification and beyond. Stat Med 2008 Jan 30;
27(2):157,72; discussion 207–12. PMID: 17569110

41.

Pepe MS, Janes H, Longton G, Leisenring W, Newcomb P. Limitations of the odds ratio in gauging the
performance of a diagnostic, prognostic, or screening marker. Am J Epidemiol 2004 May 1; 159
(9):882–90. PMID: 15105181

42.

Rosero-Bixby L, Fernández X, Dow WH. CRELES: Costa Rican Longevity and Health Aging Study,
2005 (Costa Rica Estudio de Longevidad y Envejecimiento Saludable): Sampling and Methods. Ann
Arbor, MI: Inter-university Consortium for Political and Social Research; 2010.

43.

Curtin LR, Mohadjer LK, Dohrmann SM, Montaquila JM, Kruszon-Moran D, Mirel LB, et al. The National
Health and Nutrition Examination Survey: sample design, 1999–2006. National Center for Health Statistics. Vital Health Stat. Hyattsville, Maryland: National Center for Health Statistics, Centers for Disease Control and Prevention, U.S. Department of Health and Human Services; 2012.

44.

Chang M, Lin H, Chuang Y, Goldman N, Peterson CE, Glei DA, et al. Social Environment and Biomarkers of Aging Study (SEBAS) in Taiwan, 2000 and 2006: main documentation for SEBAS longitudinal
public use data (released 2012). Ann Arbor, MI: Inter-university Consortium for Political and Social
Research [distributor]; 2012.

45.

Folstein M, Folstein S, McHugh P. "Mini-Mental State": A Practical Method for Grading the Cognitive
State of Patients for the Clinician. J.Psychiat.Res. 1975; 12:189–98. PMID: 1202204

46.

Pfeiffer E. A short portable mental status questionnaire for the assessment of organic brain deficit in
elderly patients. J Am Geriatr Soc 1975 Oct; 23(10):433–41. PMID: 1159263

47.

Lezak MD. Neuropsychological Assessment, Second edition. New York: Oxford University Press,
1983.

48.

Wechsler D. WAIS-R Manual. New York: Psychological Corporation, 1981.

49.

Wechsler D. Administration and Scoring Guide, WAIS—III, Wechsler Adult Intelligence Scale—Third
Edition. San Antonio: The Psychological Corporation, Harcourt Brace and Company, 1997.

50.

Tulsky D, Zhu J, Ledbetter M, editors. WAIS-III WMS-III Technical Manual. San Antonio: The Psychological Corporation, Harcourt Brace and Company, 1997.

51.

Long JS, Pavalko E. Comparing alternative measures of functional limitation. Med Care 2004 Jan; 42
(1):19–27. PMID: 14713736

52.

Pencina MJ, D'Agostino RB. Overall C as a measure of discrimination in survival analysis: model specific population value and confidence interval estimation. Stat Med 2004 Jul 15; 23(13):2109–23. PMID:
15211606

53.

Zou Y, Sfeir A, Gryaznov SM, Shay JW, Wright WE. Does a sentinel or a subset of short telomeres
determine replicative senescence? Mol Biol Cell 2004 Aug; 15(8):3709–18. PMID: 15181152

54.

Boonekamp JJ, Simons MJ, Hemerik L, Verhulst S. Telomere length behaves as biomarker of somatic
redundancy rather than biological age. Aging Cell 2013 Apr; 12(2):330–2. doi: 10.1111/acel.12050
PMID: 23346961

55.

Aubert G, Baerlocher GM, Vulto I, Poon SS, Lansdorp PM. Collapse of telomere homeostasis in
hematopoietic cells caused by heterozygous mutations in telomerase genes. PLoS Genet 2012; 8(5):
e1002696. doi: 10.1371/journal.pgen.1002696 PMID: 22661914

56.

Martin-Ruiz CM, Baird D, Roger L, Boukamp P, Krunic D, Cawthon R, et al. Reproducibility of telomere
length assessment: an international collaborative study. Int J Epidemiol 2014 Sep 19.

57.

Svenson U, Nordfjall K, Baird D, Roger L, Osterman P, Hellenius ML, et al. Blood cell telomere length is
a dynamic feature. PLoS One 2011; 6(6):e21485. doi: 10.1371/journal.pone.0021485 PMID: 21720548

PLOS ONE | DOI:10.1371/journal.pone.0152486 April 6, 2016

17 / 18

Predicting Survival Using Telomere Length

58.

Lin J, Epel E, Cheon J, Kroenke C, Sinclair E, Bigos M, et al. Analyses and comparisons of telomerase
activity and telomere length in human T and B cells: insights for epidemiology of telomere maintenance.
J Immunol Methods 2010 Jan 31; 352(1–2):71–80. doi: 10.1016/j.jim.2009.09.012 PMID: 19837074

59.

Kimura M, Gazitt Y, Cao X, Zhao X, Lansdorp PM, Aviv A. Synchrony of telomere length among
hematopoietic cells. Exp Hematol 2010 Oct; 38(10):854–9. doi: 10.1016/j.exphem.2010.06.010 PMID:
20600576

60.

Haycock PC, Heydon EE, Kaptoge S, Butterworth AS, Thompson A, Willeit P. Leucocyte telomere
length and risk of cardiovascular disease: systematic review and meta-analysis. BMJ 2014 Jul 8; 349:
g4227. doi: 10.1136/bmj.g4227 PMID: 25006006

PLOS ONE | DOI:10.1371/journal.pone.0152486 April 6, 2016

18 / 18

