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Studies in humans suggest that leukocyte telomere length may act as a marker of biological aging. We investigat-
ed whether individuals in the Nicoya region of Costa Rica, known for exceptional longevity, had longer telomere
length than those in other parts of the country. After controlling for age, age squared, rurality, rainy season and
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1. Introduction

Telomeres are repetitive canonical sequences of DNA at the ends of
chromosomes that, together with associated proteins, protect chromo-
some ends and also prevent the degradation of coding regions of DNA
that would otherwise result from the inability of DNA replication en-
zymes to copy the end of a DNA strand. Although the functional impor-
tance of telomeres has been understood for decades, their implication in
the human aging process has begun to emerge more recently. Shorter
telomeres were first found to occur at older ages (Lee et al., 2002),
and more recent work has shown associations with chronic disease
(Brouilette et al., 2007) and mortality, independent of age (Bakaysa
et al,, 2007; Cawthon et al., 2003; Honig et al., 2006). However, associ-
ations with mortality have not been consistent, especially for individ-
uals at older ages (Boonekamp et al, 2013; Mather et al., 2011).
Furthermore, the social and economic determinants of telomere length
are not yet clear. There is some evidence that shorter telomeres are
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associated with chronic stress (Epel et al., 2004), as well as lower socioeco-
nomic position, less educational attainment and unemployment (Batty
et al, 2009; Cherkas et al., 2006; Steptoe et al., 2011), with a suggestion
that associations are stronger with earlier life measures of socioeconomic
position, such as education (Needham et al., 2013; Steptoe et al,, 2011;
Surtees et al,, 2012).

The Nicoya Peninsula region in Costa Rica has recently been char-
acterized as a region with exceptionally high longevity (Buettner,
2010). Mortality rates of elderly people in Nicoya may be 29%
lower than in the rest of Costa Rica according to a five-year follow
up of a population-based sample of close to 3000 Costa Ricans aged
60 years and over (Rosero-Bixby and Dow, 2012), which means
two or three years of additional life expectancy at age 60 — an ex-
traordinary result given the already high life expectancy of elderly
Costa Ricans in general (Rosero-Bixby, 2008). Yet reasons for the
Nicoyan mortality advantage - and even the exact figures of health
and morbidity levels in Nicoya - are not known, in part because of
the recentness of the discovery of this area as a potential hot-spot
of high longevity. The present article aims at filling the knowledge
gap about health in Nicoya by studying a marker that is considered
an indicator of biological aging.

In the current study we examine leukocyte telomere length (LTL)
in a nationally representative population-based study of Costa Ricans.
Understanding whether LTL in Nicoya differs from other Costa Rican
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populations after controlling for age will both offer insights into the
potential role of telomeres in aging, as well as offer clues to the possible
biological mechanisms through which Nicoyans have an exceptionally
long life expectancy. This examination of LTL provides the first biomark-
er analysis of the underlying biology of why elderly Nicoyans have un-
usually high survival. To our knowledge, telomere length has not been
examined among any of the geographically defined, notably long-living
populations in the world (e.g. Sardinia, Loma Linda, Okinawa) (Buettner,
2010; Cockerham and Yamori, 2001).

2. Materials and methods
2.1. Study sample

We studied LTL in a sub-sample of 612 elderly individuals drawn
from the nationally representative Costa Rican Study on Longevity
and Healthy Aging (CRELES). CRELES is a longitudinal study based
on a national sample of 2827 residents of Costa Rica aged 60 and
older in 2005, with oversampling of the oldest old (Rosero Bixby
et al,, 2010). The CRELES sample was selected quasi-randomly from
the 2000 census database using a multi-stage sampling design and
complemented with a 100% sample of quasi-centenarians of the
Nicoya region that rendered 91 additional participants in this longi-
tudinal study. The ability of the CRELES sample to provide unbiased
descriptions of characteristics of elderly Costa Ricans and of their
mortality has been assessed elsewhere (Rosero Bixby et al., 2010;
Rosero-Bixby and Dow, 2009). The “Committee on Science and
Ethics” of the University of Costa Rica approved the study, and all
participants provided written informed consent.

We randomly drew a sub-sample of CRELES data for assaying
telomere length, selecting approximately 200 individuals in each of
three different age strata: 60-75, 76-94, and 95 and over, thus im-
plicitly oversampling older individuals. We also forced the subsam-
ple to have approximately 100 Nicoyans in the youngest and oldest
age groups.' All analyses control for age to account for the nature
of the sampling.

Fasting blood samples were taken in CRELES during two waves of
household visits: the first between November 2004 and September
2006 and the second between October 2006 and July 2008. In our
subsample of 612 individuals, 365 had DNA samples taken at two
time points. The mean length of time between interviews among
this longitudinal subsample was 598 days, with a minimum time be-
tween samples of 365 days and maximum time of 903 days. The
most common reason for individuals having only one LTL measure-
ment was death before the second wave visit (55%). An additional
27% had measurement only in one of the waves because the fasting
blood sample was not possible to draw in the field, DNA was not pos-
sible to extract from the blood cells, or the DNA concentration was
not appropriate for measuring telomeres. The remaining 18% of indi-
viduals with only one measurement are part of common attrition
causes of longitudinal studies, mostly lost of follow up. The correla-
tion of LTL between samples was 0.57. This was substantially less
than that of another analysis that found a correlation of 0.92 between
waves that were 5.8 years apart (Chen et al.,, 2011), however this
study was in a middle aged population where LTL may be more stable
over time. In addition, the lower correlation in our study may be
due to measurement error that is inherent to the quantitative PCR
telomere length assay.

1 We assigned a uniformly distributed random number to each individual with stored
DNA in CRELES, after sorting the individuals in each stratum with this random number,
we selected the first 100 non-Nicoyans in the age group 60-75, the first 100 Nicoyans in
this age group, the first 200 in the age bracket 76-94, and the first 100 non-Nicoyans aged
95 or more; all 112 Nicoyans aged 95 or more were included in the subsample.

2.2. Study sample characteristics

We obtained exact ages using participants' national identity card,
double-checked against the national database of births. Other demo-
graphic covariates were obtained through in-person interview. Self-
assessed economic situation was determined through self-report of
household conditions as “Excellent”, “Very good”, “Good”, “Average/
Normal”, or “Bad”, with the first three categories combined for analysis.
Household wealth was based on a simple count of ten goods and conve-
niences in the household, ranging from running water and a toilet to
having a clothes washer and a car. The three categories of wealth we
use in our analysis are high when all ten goods are in the household,
medium for seven to nine goods and poor for less than seven goods. Ed-
ucational attainment was categorized into three groups based on the
distribution in this population: less than three years of education,
from three to six years of education (primary school comprises six
grades), or at least one year of secondary school. BMI was calculated
from the measured weight and height. Obesity was defined as BMI
greater than or equal to 30. We use obesity because of the highly non-
linear relationship between BMI and health (Flegal et al., 2007). We
used knee height as a proxy for early life environment as it is a marker
of nutrient intake during gestation and early childhood (Wadsworth
et al,, 2002). Knee height was measured once in 258 participants and
twice in 714 participants. If knee height was measured twice the average
was used. High glycosylated hemoglobin was defined as > 6.5%. High tri-
glycerides were defined as >200 mg/dl. Sitting systolic and diastolic
blood pressures were measured twice during the interview and the aver-
age reading was used. High systolic blood pressure was defined as
140 mm Hg and above and high diastolic blood pressure as 90 mm Hg
and above. Diet was measured using an abbreviated food frequency
questionnaire of 27 tracer foods, and macronutrient summary measures
were imputed from this using a prediction equation validated from a
Costa Rican coronary health study that contained a full food frequency
questionnaire (Rosero Bixby et al., 2010).

2.3. Telomere length assay

To measure the mean LTL, quantitative PCR (qPCR) assay was used
to determine the relative ratio of telomere repeat copy number to sin-
gle-copy gene copy number (T/S ratio), with the analyses using the av-
erage of two assays per DNA extraction sample. The lab was blind to the
sample characteristics, and samples were assayed without association
between date of survey or geographic origin. The inter-assay coefficient
of variation for LTL was 3.7%. The coefficient of variation was not based
on control samples run on each plate. Each sample has its coefficient of
variation based on the two runs and the coefficient of variation reported
is the average coefficient of variation of all samples. The coefficient of
variation here only considers the precision of the analytic step, without
assessing the pre-analytical steps. While both qPCR and Southern blot
methods have been shown to have highly reproducible results, the
inter-assay coefficient of variation for Southern blot is lower (Aviv
et al.,, 2011). However, qPCR was preferable for our study because of
the smaller amount of DNA required for the assay (Kimura et al.,
2010). Twenty-three individuals did not have sufficient DNA quantity
to perform the assays, leaving an assayed sample of 977. Individuals
without sufficient DNA quantity did not differ significantly by any de-
mographic characteristics. The equation for conversion from T/S ratio
to base pairs used was base pairs = 3274 + 2413 = (T/S) based on
prior work (Farzaneh-Far et al., 2010a). It is important to note that
this conversion ratio is likely to differ between labs, and even between
assays within the same lab, and thus the exact base pair values we re-
port should be used as an approximation of actual telomere length.
While this does not impact the internal validity of the analyses
presented here, the same base pair length calculation cannot be used
for other studies. The assays were conducted in the Blackburn Laborato-
ry at the University of California, San Francisco.
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2.4. Statistical methods

We used ordinary least squares regression models to examine
predictors of LTL. All standard errors reported are hetroskedasticity
robust, using Stata 12. Analysis also accounted for the clustered na-
ture of the sample, since some individuals were measured twice, by
specifying individual-level random effects. The demographic de-
scription of the population shown in Table 1 includes one observa-
tion per individual (n = 581), as does the unadjusted comparison
of telomere length by demographic characteristics and region
shown in Table 2. Age standardization for Nicoya in Table 1 was
performed using the demographic or health variable as a dependent
variable in a regression analysis controlling for 5-year age category as
afactor and Nicoya. Difference and p-value of difference were estimated
based on the coefficient for Nicoya in the regression model. Subsequent
regression analyses (shown in Tables 3 and 4) include all panel observa-
tions where LTL was assayed. We also controlled all of our regression
analyses for rainy season (May-October), since in our data rainy season
is associated with telomere length, and there was moderate correlation
between regional sampling and season. The plotted smoothed associa-
tions between telomere length and age and change in telomere length
and age shown in Figs. 1 and 2 were from generalized additive models
using regression splines and did not control for other covariates
(Wood, 2006). We performed quantile regression analysis (Koenker,
2000; Koenker and Hallock, 2001) (Table 4) in order to examine wheth-
er the differences in LTL between Nicoya and the rest of Costa Rica are
similar across levels of LTL. Whereas our multiple regression models
compared the mean level of LTL between Nicoyans and individuals
living in the rest of Costa Rica, the quantile regression models
compared LTL at the 10th, 20th ... 90th percentiles. In this manner,
we determined if differences in LTL by region were primarily among
individuals with short LTL (e.g. 10th and 20th percentiles), with
long LTL (e.g. 80th and 90th percentiles) or across the full distribution
of LTL.

3. Results
3.1. Description of the sample

Table 1 provides a description of the sample of individuals living
in all regions of Costa Rica except Nicoya as compared to individuals
residing in the Nicoya region. Due to our strategy of oversampling
older individuals and Nicoyans aged 95 and above, the samples
have greater proportions of individuals in these categories than
would be expected from a representative population distribution.
Therefore, to make Nicoya data comparable, Table 1 also includes
percents or means that are age-adjusted to the full Costa Rican sam-
ple. p-Values of tests for statistically significant differences of the
age-adjusted percents or means are shown in the last column.
Nicoyans more commonly live in a rural area and have more frequent
contact with children. On average, Nicoyans have lower levels of ed-
ucation and also lower household wealth. Cardiovascular disease
risk factors were generally similar, other than Nicoyans having a
higher median percent of glycosylated hemoglobin. Knee height
was significantly higher in Nicoya.

3.2. Average telomere length by region and individual characteristics

Table 2 displays a description of the mean telomere length by region
and differences between regions by individual characteristics. The pur-
pose of this table is first to describe factors that may differ between re-
gions, as they are not adjusted for potentially confounding factors. The
mean unadjusted LTL is significantly longer in Nicoya than elsewhere
in Costa Rica (130 base pairs; 95% Cl: 61, 198).

The finding of longer LTL in Nicoyans is generally consistent across
the examined demographic and health-related characteristics, with a

few exceptions, notably, variables measuring isolation and economic
circumstances. Among individuals who live alone (11% of Nicoyans
and 14% elsewhere in Costa Rica), there is only a 9 base pair difference
(95% CI: —186, 204) in LTL between Nicoya and elsewhere in Costa
Rica, and among individuals with no weekly contact with a child (9%
of Nicoyans and 15% elsewhere in Costa Rica), there is only a 44 base
pair difference in LTL (95% CI: — 166, 253). For those with the worst
self-assessed economic conditions and for those with the highest house-
hold wealth, there were no significant differences between Nicoya and
the rest of Costa Rica.

3.3. Telomere length by age

In order to more precisely compare the mean LTL by age between
Nicoya and elsewhere in Costa Rica, Fig. 1 presents regional cross-
sectional data of the mean LTL by exact age. In both regions, shorter
telomere length is associated on average with a difference of 10
base pairs per year of age. As shown in Fig. 1, at most ages, Nicoyans
possess longer LTL. However, at ages above around 90, the statisti-
cally significant Nicoyan telomere length advantage disappears, as
the telomere lengths in the two groups overlap and there is a con-
tinuing linear decline with age in Nicoya, whereas the decline
with age is less elsewhere in Costa Rica (p < 0.05 for interaction of
age and Nicoya).

The narrowing of the difference in LTL over time between
Nicoyans and other Costa Ricans shown in Fig. 1 could have two
non-mutually exclusive explanations. First, the observed differences
could be explained by differences in the rate of telomere length
change by age between Nicoya and the rest of Costa Rica. A second
explanation is that greater mortality of individuals with shorter
telomere lengths in the rest of Costa Rica could result in selection
that would cause the appearance of slowing declines in telomere
length with age in the rest of Costa Rica. To distinguish between
these two explanations, we examined annual rate of telomere
length change within the subset of our population who were mea-
sured at two time points (n = 365) (Fig. 2). In the general Costa
Rican population sample, the annual mean change in LTL is —72
base pairs (95% Cl: —97 to —47) per year. However, Nicoyans on av-
erage have a significantly greater annual decline in LTL than other Costa
Ricans (— 168 base pairs (95% Cl — 211, — 125) vs. — 10 base pairs (95%
CI —38,18)). Fig. 2 shows this relationship by age, and this longitudinal
analysis shows that, furthermore, the difference in the yearly decrease
in telomere length between Nicoyans and the rest of Costa Ricans varies
with age (p < 0.01 of interaction term of Nicoya and age with telomere
change as the dependent variable). This difference between the yearly
rates of change in telomere length by age in Nicoya as compared to
the rest of Costa Rica appears to be the driving factor underlying the
narrowing of the gap in LTL over time in Fig. 1, rather than it being pri-
marily due to mortality selection.

Notably, these differences in change by age differ markedly by re-
gion, as shown in the non-linear relationship between change and age
in Nicoya (Fig. 2). The marked differences in LTL and change occur up
to the age of about 90, as shown by the non-overlapping confidence in-
tervals (Fig. 2). Due to sampling, data on the Nicoyan region is sparse
between the age of 85 and 95. However, at ages of 95 and above, the
LTL and change in cross sectional telomere length with age do not differ
substantially, and the difference in LTL and change by age is similar be-
tween Nicoya and the rest of Costa Rica (Fig. 1), even as the change per
year remains greater among Nicoyans (Fig. 2). For those aged 95 years
and older, given the similar telomere lengths in the Costa Rica and
Nicoyan groups, a further interesting finding was that, at least for
these older individuals, the significant difference between the two
groups in the longitudinal measure, yearly rate of LTL change, is not
explained by baseline telomere lengths differing between the two
groups.
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Table 1
Sample characteristics (percents or means) by Costa Rica (except Nicoya) and Nicoya.

1269

Costa Rica (except Nicoya) Nicoya Age standardized difference
(n=372) (n = 209)
raw raw Age-Standardized® (p-value)
Age
60-74 (n = 195) 30% 40%
75-94 (n = 180) 43% 9%
95+ (n = 206) 27% 51%
Male 47% 46% 44% 0.66
Rural 41% 63% 68% <0.001
Live alone 14% 11% 11% 0.38
Less than weekly child contact 15% 9% 7% 0.01
Education
<3 years (n = 277) 47% 49% 52% 0.34
3-6 years (n = 259) 44% 46% 47% 0.54
>7 years (n = 45) 10% 4% 4% 0.002
Self-assessed economic condition
Bad (n = 107) 20% 16% 14% 0.07
Normal (n = 274) 45% 51% 52% 0.13
Good (n = 200) 35% 33% 35% 0.91
Household wealth
Poor (n = 210) 23% 60% 60% <0.001
Medium (n = 312) 63% 37% 46% <0.001
High (n = 58) 14% 3% 2% <0.001
Calories per day (kcal/day) 2054 2023 2031 0.76
Protein (gram/day) 67 66 66 0.63
Saturated fat (grams/day) 26 28 27 0.24
Omega-3 (grams/day) 1.8 1.7 1.7 033
Omega-6 (grams/day) 15 14 14 0.04
Glycemic load 76 76 76 0.19
Obese 14% 18% 19% 0.12
Knee height (cm) 48.7 494 49.5 <0.001
Systolic bp (mm Hg) 145 141 142 0.23
Diastolic bp (mm Hg) 81 78 79 0.08
Triglycerides (mg/dl) 153 137 143 0.19
Glycosylated hemoglobin (%) 5.8 6.2 6.2 0.001
C-reactive protein (mg/1) 71 6.9 6.8 0.74
Current smoker 6% 7% 8% 0.45

¢ Age standardization of Nicoya was performed to the general Costa Rican sample, using the demographic or health characteristic as a dependent variable in a regression analysis

controlling for 5-year age category as a factor and Nicoya.

3.4. Telomere length by region controlling for confounding factors and
mediators

Table 3 presents the results from ordinary least squares regression
models examining the strength of association between individual char-
acteristics and cross-sectional telomere length controlling for potential-
ly confounding variables. After controlling for age, age-squared, gender,
rurality and rainy season (model 1) individuals living in Nicoya have a
mean LTL that is 81 base pairs longer than individuals living in the
rest of Costa Rica (p < 0.05).

A second goal of our analysis is to examine whether the association
between living in Nicoya and telomere length remains after controlling
for potential social and economic mediators (model 2), dietary media-
tors (model 3) or biomarker (model 4) mediators. After controlling for
potential social mediators of the relationship between Nicoya and
mean LTL, there was a moderate attenuation in the Nicoya coefficients,
decreasing from 81 to 52 base pairs. Among the examined mediating
variables only household wealth had a statistically significant relation-
ship with LTL, where those living in the poorest households had average
model-based LTL of 105 base pairs longer. Model 3 controlled for poten-
tial dietary mediators, and the relationship of LTL and residence in
Nicoya remained unchanged at 83. After controlling for potential biolog-
ical mediators in model 4, Nicoya LTL is greater by 111 base pairs, as
compared to 81 in the base model, indicative of worse levels of biolog-
ical risk factors in Nicoya that also are associated with LTL. Among bio-
logical risk factors, higher systolic blood pressure was associated with
longer LTL, and higher diastolic blood pressure was associated with
shorter LTL. Finally, model 5 combines all potential social, dietary,

behavioral and biological mediators, and shows no attenuation (com-
pared to model 1 without these controls) of the association between
residence in Nicoya and mean LTL, which remains substantial and near-
ly identical (79 base pairs) and significant (p < 0.05), despite control-
ling for 19 potentially mediating factors. While as shown in the
last line of Table 3 sample size differed slightly due to missing
values for some mediators, models run on the subset of observations
with no missing values (n = 850) showed no notable difference in
coefficients.

3.5. Sensitivity analyses for age specification and quantiles of distribution

Given the strong confounding effects of age and the potential for
non-linear associations between age and telomere length, we fit addi-
tional models with indicator variables for each single year of age in ad-
dition to the other covariates in models 1 through 5. Comparing the
Nicoyan effect estimate in models with age and age squared as com-
pared to each year separately, the parameter estimate of LTL for Nicoya
decreased only slightly from 81 to 74, in model 2 it changed from 52 to
46, in model 3 it changed from 83 to 75 and in model 4 it changed from
111 to 100. In model 5 the parameter estimate for Nicoya also decreased
only slightly from 79 to 71, with the R-squared increasing from 0.17 to
0.21. These sensitivity analyses suggest that our primary results were
not due to possible misspecification of the functional form of the rela-
tionship between age and mean LTL.

Finally, we also fit quantile regression models for deciles of the dis-
tribution of LTL in order to examine whether the Nicoyan differences
varied at different levels of LTL. For the model only controlling for
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Table 2
Mean telomere length (standard error) by sample characteristics and region.

CostaRica  Nicoya Difference in
(except means (95% CI)
Nicoya)
(n=372) (n=209)
Full population 5136 (20) 5265 (31) 130 (61, 198)
Age
60-74 5279 (35) 5436 (50) 157 (40, 274)
75-94 5129 (30) 5303 (93) 174 (3, 345)
95+ 5005 (35) 5131(39) 127 (24, 229)
Gender
Male 5113 (31) 5222 (44) 110(5 215)
Female 5156 (24) 5300 (42) 44 (54, 234)
Urban 5116 (23) 5245 (51) 128 (33,224)
Rural 5164 (35) 5277 (38) 113 (10, 215)
Live alone 5134 (52) 5125(90) 9 (—204, 186)
Do not live alone 5136 (21) 5282 (32) 146 (73, 220)
No weekly contact with child 5089 (53) 5133 (96) 44 (—166, 253)
At least weekly contact with 5143 (21) 5278 (32) 134 (62, 208)
child
Education
<3 years 5111(28) 5299 (45) 188 (88, 288)
3-6 years 5154 (31) 5258 (43) 103 (1, 207)
>7 years 5173 (52) 4947 (120) —225 (—468, 18)
Self-assessed economic condition
Bad 5130 (47) 5254 (90) 124 (—58,308)
Normal 5181(31) 5264 (43) 83 (—18,184)
Good 5080 (29) 5270 (50) 190 (84, 297)
Household wealth
Poor 5139 (42) 5255 (42) 116 (—4, 237)
Medium 5132 (25) 5307 (47) 175 (73,277)
High 5146 (47) 5173 (160) 27 (—270,325)
Obese 5148 (49) 5308 (74) 161 (—8,330)
Not obese 5134 (21) 5255(34) 122 (46,197)
High systolic blood pressure 5151 (34) 5285 (63) 133 (4,264)
Not high systolic blood 5126 (17) 5177 (25) 51 (—6,108)
pressure
High diastolic blood pressure 5143 (21) 5221 (32) 79 (6,151)
Not high diastolic blood 5117 (22) 5170 (33) 53 (—22,128)
pressure
High triglycerides 5183 (46) 5318 (79) 136 (—45,317)
Not high triglycerides 5124 (22) 5257 (33) 134 (59, 208)
High glycosylated hemoglobin 5105 (43) 5210 (45) 105 (—19, 229)
Not high glycosylated 5141 (22) 5289 (39) 148 (65, 230)
hemoglobin

High C-reactive protein 5135(19) 5181
Not high C-reactive protein 5126 (25) 5222
Current smoker 5021 (41) 5288
Not a current smoker 5143 (21) 5263

28) 46 (—17,110)
41) 96 (6, 186)

117) 267 (54, 480)
32) 120 (48, 192)

basic demographic characteristics (model 1), there were differences be-
tween Nicoya and the rest of Costa Rica primarily near the median and
above deciles, with the difference particularly marked at the 90th
percentile. The difference between Nicoya and the rest of Costa Rica at
the 90th percentile of LTL was also significantly different in models
three, four and five, consistent with the results of our primary mean
regression models presented in Table 3. Thus while we qualitatively ob-
serve greater LTL differences by region among those with the longest
telomeres, the nature of these differences is generally similar to those
observed in our primary mean based models.

4. Discussion

Our principal study finding is that Nicoyans have longer telomeres
than non-Nicoyans, and these differences are not explained by basic
demographic covariates nor by potential mediators including social
factors, diet and biomarkers capturing known underlying health.
These findings provide a potential biological basis for older Nicoyans'
exceptional longevity. This study is a further step to uncovering mea-
sures of different apparent rates of biological aging, as measured by
telomere length, in a region of exceptional longevity.

Despite considering 19 potentially mediating factors, based on work
elsewhere on determinants of LTL, the present study did not determine
the underlying reason for the on average longer LTL in Nicoyans. The as
yet undetermined underlying causes of this difference could be due to
either: 1) inaccurate measures of factors that we examined in our
study (i.e. measurement error), or 2) the existence of critical factors
that we did not measure and thus could not examine, which are
the primary limitations of our study. One category of factors that
we considered as a potential explanation for the differences was di-
etary, including a measure of Omega-3 Fatty Acid Levels, which has
previously been shown to be associated with the mean LTL in the
United States (Farzaneh-Far et al., 2010b). We had a priori theorized
this as a plausible difference between Nicoyans and individuals liv-
ing in the rest of Costa Rica due to the close proximity of much of
the population to the coastline in Nicoya and the active fishing cul-
ture and industry. However, control for a basic number of dietary
components, including Omega-3 Fatty Acids, did not attenuate the
association of Nicoyan residence with telomere length. While we
do not find support for the hypothesis that diet explains the longer
telomere length in Nicoya, this lack of findings could be due to the
well acknowledged difficulty of measuring dietary intake in large
population based studies (Willett, 1998), and specifically the imput-
ed nature of our dietary indicators. Early life levels of nutrition, as
captured in part by knee height, also did not result in attenuation
of the Nicoyan difference in LTL.

A second area of substantial inquiry in the literature on social deter-
minants of telomere length is the association of high levels of chronic
life stress with shorter telomere length (Entringer et al., 2011; Epel
et al., 2004; Humphreys et al., 2011; O'Donovan et al.,, 2011). We do
not have measures of chronic stress in our study, so we could not direct-
ly examine whether this could explain differences between Nicoya and
the result of Costa Rica. Independent of work on telomere length, an-
thropological studies have examined social and cultural differences be-
tween Nicoya and the rest of Costa Rica. While investigation was based
on small sample sizes, Nicoyans had greater psychological attachment
to the family than individuals in the capital of Costa Rica, San Jose
(Rosabal-Coto, 2004). It is possible that these close family ties may
have buffered against detrimental effects of life stress that have been
found to be associated with shorter telomere length. The tighter family
structure may also offer more opportunities for material support
through kinship and family networks. No studies have examined social
support and telomere length, although a recent study found that having
more ambivalent social relationships (with both high positive and neg-
ative aspects) was associated with shorter telomere length (Uchino
et al., 2012). Among all of the potential mediators examined, social
and economic mediators had the most impact attenuating the associa-
tion between Nicoya and LTL (Table 3, model 2). Among mediators in
this model, the only one significantly associated with LTL was living
with poor household wealth, where LTL was 105 base pairs longer
(p < 0.05). While in industrialized countries higher socioeconomic po-
sition indicators have generally been found to be associated with longer
telomere length (Needham et al.,, 2013), Costa Rica is notable for socio-
economic differences that are in many cases different than the United
States (Rehkopf et al., 2010a), and socioeconomic relationships vary
by context and time (Kunitz, 2007). The exact nature of the wealth mea-
sure, and the categories being compared, needs to be considered. For ex-
ample, to be in the highest wealth category, having all ten items is
required, which include owning a car, which may not translate into lon-
ger telomere length among this cohort of individuals in Nicoya. A sec-
ond mediator was “living alone,” where individuals living alone had
LTL that was shorter by 69 base pairs, although this association was
not statistically significant (p > 0.05). However, it is descriptively inter-
esting to note that among those individuals living alone, there was little
difference in the mean LTL between Nicoyans and non-Nicoyans
(Table 2), consistent with the benefits of living in Nicoya being more ac-
cessible to those individuals with social contacts.



D.H. Rehkopf et al. / Experimental Gerontology 48 (2013) 1266-1273 1271
Table 3
Regression coefficients and standard errors of predictors of telomere length.
Model 1 Model 2 Model 3 Model 4 Model 5

Nicoyan 81 (31)* 52 (33) 83 (32)** 111 (34)* 79 (35)*
Age —51(18)™ —52(18)™ —52(18)™* —64 (18 —65(18)"
Age-squared 02 (0.1)" 03 (0.1)" 03 (0.1)" 03 (0.1)" 03 (0.1)"
Male —64(29)" —65(29)" —62(29)" —94(39)" —101 (40)"
Rural 40 (29) 23 (29) 33 (30) 44 (31) 29 (32)
Rainy season —75(25)" —80(25)™ —75(25)" —62(26)" —65(26)"
Potential social mediators
Do not live alone 69 (47) 91 (50)
At least weekly contact with child 28 (45) 30 (49)
Education

3-6 years —2.8(29) 24 (33)

>7 years —26(57) 12 (58)
Self-assessed economic condition

Poor (versus high) —19 (40) —14(43)

Medium (versus high) 32 (27) 32 (29)
Household wealth

Poor (versus high) 105 (51)* 153 (55)*

Medium (versus high) 29 (40) 54 (42)*
Potential dietary mediators
Calories per day (kcal/day) 0.04 (0.07) —0.01 (0.07)
Protein intake (gram/day) 0.75 (1.6) 22 (1.7)
Saturated fat intake (grams/day) —22(18) —25(1.9)
Omega-3-Fatty Acid intake (grams/day) —21(27) —19(29)
Omega-6-Fatty Acid intake (grams/day) —24(3.7) —1.0(4.2)
Glycemic load —34(47) 0.26 (5.0)
Potential biological and behavioral mediators
Obese —37(39) —48 (40)
Knee height (cm) 8.5 (6.1) 9.5 (5.9)
Systolic blood pressure (mm Hg) 35 (0.85)** 34 (0.87)**
Diastolic blood pressure (mm Hg) —54 (1.6)** —55 (1.6)**
Triglycerides (mg/dl) —0.13 (0.18) —0.14 (0.18)
Glycosylated hemoglobin (%) —8.6(94) —8.5(9.6)
C-reactive protein (mg/l) 22(1.8) 25(1.8)
Smoking —32(51) —40 (55)
R-squared 0.15 0.16 0.15 0.15 0.17
N 977 960 976 869 850

Standard errors are shown in parentheses and robust standard errors that account for clustered sample by individual.

* Indicates statistically significant difference of p < 0.05.
** Indicates statistically significant difference of p < 0.01.

Finally, a third category of potential reasons for differences in LTL
between Nicoya and the rest of Costa Rica is a differential regional
distribution of genetic polymorphisms that impact telomere length.
We have no data on polymorphisms in genes that contribute toward
LTL, so are not able to answer this question directly. While the extent
to which telomere length is genetically determined remains uncer-
tain, a replicated GWAS identified TERC region loci were associated
with an ~75 base-pair difference in telomere length (Codd et al,,
2010), although another GWAS study failed to find any significant
loci (Prescott et al., 2011). There could be potential genetic differ-
ences (and gene-environment interactions) due to either different
historical patterns of migration, or early life mortality selection if as-
sociated with genes related to telomere length. While this remains a
potential explanation of our findings, a prior study comparing those
living in Nicoya to the rest of Costa Rica did not find any differences
in polymorphisms of genes related to mortality (ApoE, ACE, IL-6,
TNFa, APOA5) (Poulain M, et al., unpublished analysis).

Strengths of the current analysis include the source of the population —
the CRELES sample is a well-characterized representative sample of the
population of Costa Rica over the age of 60. A further strength of our
analysis is a telomere length assay that was performed blinded to sam-
ple characteristics and by individuals with extensive assay experience.
Our population-based sample was of a relatively large sample size as
compared to other studies of telomere length (Mather et al,, 2011).
We also had measures of important cardiovascular risk biomarkers for
inclusion in models as potential biological mediators. This study took

special care to have the correct ages of individuals by obtaining the in-
formation from the identity card and double-checking the data with
the birth certificate in the civil registration system. It is highly unlikely
that age-exaggeration errors, which often hamper studies of elderly
people in developing regions, impacted our estimates. The strong age
effects observed among Nicoyans compared to other Costa Ricans
would not likely be present if reportedly older Nicoyan individuals
were actually younger.

Table 4

Regression coefficients for Nicoya residence at deciles of telomere length.
Percentile of LTL ~ Model 1 Model 2  Model 3 Model4 Model 5
10th 31(35) 7(28) 42 (30) 33(32) 49 (35)
20th 37 (25) 32(33)  36(27) 58 (26)" 32(38)
30th 38 (25) 25(28) 51(22)°  83(33)" 67 (39)
40th 60 (25)* 33(23)  60(31)° 98 (31)"  70(36)
50th 54 (29) 39(29)  44(23) 95 (33)"* 53 (43)
60th 69 (32)* 51(35)  40(35) 88(32)" 64 (40)
70th 63 (39) 39(42)  93(39) 116 (51)° 95 (42)"
80th 101 (39)°  63(49) 94(40)* 193 (41)™ 127 (50)*
90th 195 (73)"  123(80) 152 (75)° 200 (73)"* 171 (85)"
N 977 960 976 873 850

Standard errors are shown in parentheses. All models control for the same covariates as
shown previously in Table 3, coefficients not shown.

* Indicates p < 0.05.
** Indicates p < 0.01.
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Fig. 1. Telomere length (in base pairs) by age in Costa Rica (red) as compared to Nicoya
(blue). Solid line shows the regression based smoothed association of telomere length
with age. Shaded area shows 95% confidence intervals around the point estimate of the as-
sociation. Dots on the plot show individual values.

While not the emphasis of our analysis, the coefficients of associ-
ation between biomarkers and telomere length are consistent with
prior literature for diastolic blood pressure (inverse association)
(Fitzpatrick et al., 2007), although other studies have found no associ-
ation (Epel et al., 2009). In contrast to the literature, we find a statistical-
ly significant direct association with systolic blood pressure where
worse levels of systolic blood pressure (higher) are associated with lon-
ger telomere length. Future work should examine the robustness of this
finding in models focused on blood pressure, including potential non-
linearities (Rehkopf et al.,, 2010b) in association with telomere length.

Our analysis of the association of age with telomere length examined
a subset of individuals with longitudinal measures of LTL in order to de-
termine whether the age dependent differences between Nicoya and

~—~ 500 —
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Change in Telomere length (base pairs

Fig. 2. Yearly rate of change of telomere length (in base pairs) by age in Costa Rica (red) as
compared to Nicoya (blue). Solid line shows the regression based smoothed association of
change in telomere length with age. Shaded area shows 95% confidence intervals around
the point estimate of the association. Dots on the plot show individual values.

the rest of Costa Rica were due to actual differences in change by age
or an artifact of sample composition (due to higher mortality among in-
dividuals in the rest of Costa Rica with shorter mean telomere length).
Our analyses of the subsample suggest that this change is not due to
an artifact of mortality selection, but due to greater decreases in LTL
with age in Nicoyans. As with the overall telomere length differences
between Nicoya and the rest of Costa Rica, this difference in age related
telomere change remains unexplained. Nevertheless, our analysis of the
longitudinal changes within individuals suggests that it is unlikely to be
an artifact of sample selection or regression (Chen et al., 2011).

There have been few studies with multiple time point measures
of telomere length within the same individuals, but our results are
generally consistent with these prior findings (Aviv et al., 2009; Chen
et al., 2011; Ehrlenbach et al., 2009; Epel et al., 2009; Farzaneh-
Far et al., 2010a; Nordfjall et al., 2009). We found that among the
demographic group with on average longer telomeres (Nicoyans),
there were generally shorter average LTL found over time, and that
this was greater among older individuals (Fig. 2). Consistent with this,
prior work in the United States found that the strongest predictor of
shorter telomeres at a later time was baseline telomere length, where
longer telomeres were associated with shorter lengths over time
(Farzaneh-Far et al,, 2010a). Nevertheless, the extent to which increases
in LTL are due to chance is still not fully understood.

Compared to prior work investigating longevity in Nicoya, our find-
ings are the first to examine whether this region is associated with a pu-
tative biological marker of aging, and our results suggest that future
consideration of this may be useful for understanding the true causes
of why individuals live longer in Nicoya, which could in turn produce
basic fundamental knowledge about successful aging more generally.
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