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Telomere length and socioeconomic status at
neighborhood and individual levels among 80,000
adults in the Genetic Epidemiology Research on
Adult Health and Aging cohort
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Background: Telomere length (TL) may serve as a biologic marker of aging. We examined neighborhood and individual-level \
socioeconomic status (SES) in relation to TL.

Methods: The study included 84,996 non-Hispanic white subjects from the Genetic Epidemiology Research on Adult Health and
Aging (GERA) cohort, part of the Research Program on Genes, Environment and Health. Relative TL (T/S) was log, transformed to
improve normality and standardized to have mean O and variance 1. Neighborhood SES was measured using the Neighborhood
Deprivation Index (NDI), and individual SES was measured by self-reported education level. We fit linear regression models of TL on
age, sex, smoking, body mass index, comorbidities, NDI, and education level. We tested for differences in the associations by sex
and nonlinearity in the association of NDI with TL.

Results: Each SD increase in NDI was associated with a decrease of 0.0192 in standardized TL, 95% confidence interval (Cl) =
—0.0306, —0.0078. There was no evidence of nonlinearity in the association of NDI with TL. We further found that less than high
school education was associated with a decrease of 0.1371 in standardized TL, 95% CI = -0.1919, —-0.0823 as compared to a
college education. There were no differences in the associations by sex.

Conclusions: \We found evidence that both lower neighborhood SES and lower individual-level SES are associated with shorter TL
among non-Hispanic whites. Our findings suggest that socioeconomic factors may influence aging by contributing to shorter TL.
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Introduction

Telomeres are repetitive sequences of DNA and associated spe-
cialized proteins at chromosomal ends that help protect eukar-
yotic chromosomes from damage and promote and stabilize
chromosomal recovery after replication.' Telomeres frequently
shorten with repeated replication cycles and severe shortening of
telomeres elicits cell senescence. Shortened telomeres have been
proposed as a partial contributor to human aging processes and
age-related diseases.*® Studies have reported that shorter telo-
mere length (TL) is associated with increased risk of mortality®®
and with an increased risk of diseases, including cardiovascular
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disease,’'? cancer,!>'* diabetes and diabetic complications,!>:!¢

autoimmune disease,'”"" chronic obstructive pulmonary di-
sease,?’ and sleep disorders.?"?> TL has also been linked to the
mechanisms of oxidative stress and inflammation.??-2¢ Increased
psychological stress has been associated with shorter TL.?7-3

Lower socioeconomic status (SES), measured at the indi-
vidual level and at the neighborhood level, has been linked to
adverse health outcomes®>* as well as decreased life expec-
tancy.> Furthermore, studies have reported that neighborhood
SES affects both morbidity*® and mortality’”*® even after con-
trolling for individual-level SES. The pathways that underlie
the relationship between SES and health are not yet well under-
stood. One hypothesized pathway is that lower SES accelerates
the rate of biological aging to affect health, which may in turn
be reflected in shorter age-adjusted TL.*

Previous studies of the relationship between SES and TL have
been severely underpowered due to small sample size, with most
studies including fewer than 1,000 subjects.*’ In studies exam-
ining the association of SES and TL, education level has been
the most common measure of individual-level SES.** Results
from these small previous studies have been inconsistent, where
several studies have reported an association between TL and

What this study adds

Our study found independent associations of neighborhood
SES and individual-level SES with TL. Our findings suggest that
lower SES may influence aging by contributing to shorter TL,
and that neighborhood effects may exist even after accounting
for an individual’s education level. Moreover, our study in-
cluded 84,996 non-Hispanic white subjects whose TL was uni-
formly measured in a single laboratory, more individuals than
all previous studies of TL and SES combined.
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education level, whereas other studies have found no statisti-
cally significant evidence of an association.*’ Fewer studies have
examined the relationship between neighborhood SES and TL,
and the results have also been inconsistent.*!*?

This study examines the effects of individual-level and neigh-
borhood-level SES on TL in a large cohort of non-Hispanic
white adults with uniformly measured TL. We hypothesized that
(1) lower education levels would be associated with shorter TL
and that (2) exposure to greater neighborhood socioeconomic
deprivation would be independently associated with shorter TL.

Methods
Study participants

Study subjects were members of the Genetic Epidemiology
Research on Adult Health and Aging (GERA) cohort. The
GERA cohort is part of the Kaiser Permanente Northern
California (KPNC) Research Program on Genes, Environment
and Health (RPGEH). Participants in the GERA cohort were
recruited from the adult membership of the KPNC health plan,
a large integrated health care system that provides comprehen-
sive medical services to four million members. The RPGEH was
developed by the KPNC Division of Research as a resource that
links together surveys, biospecimens and electronic health re-
cord data for research on the genetic and environmental deter-
minants of common, age-related complex health conditions.
Further details describing the GERA cohort and study design
have been described previously.*** This cross-sectional study
of TL included 84,996 non-Hispanic white adults in the GERA
cohort who had a valid TL measurement that passed quality
control checks and a successfully geocoded residential address.

Covariate data

Covariate data on age, sex, race/ethnicity, smoking, and comor-
bidities were obtained from both self-reported questionnaire
data and the electronic health record data of KPNC. Education
level was self-reported by questionnaire as the highest level of
school completed: grade school or some high school (grades
1-11), high school or General Education Development, tech-
nical or trade school, some college, college, graduate school.
All GERA cohort subjects completed the questionnaire before
donating a saliva specimen for TL measurement. Weekly fruit
and vegetable consumption was self-reported by questionnaire
in the following categories: less than once per week, 1-2 times/
week, 3—4 times/week, 5-6 times/week, or every day.

Neighborhood Deprivation Index

Cohort members reside primarily in a 22-county service area in
northern and central California that encompasses over 28,000
square miles and includes urban, suburban, rural and agricul-
tural land use (supplementary Figure 1; http:/links.lww.com/
EE/A39). Residential addresses at the date of saliva specimen
collection for each participant were abstracted from the KPNC
address databases. These residential addresses were then geo-
coded to latitude and longitude using ArcGIS, and each geo-
coded address was linked to its census tract. Census variables
were obtained from the 2010 Census. The Neighborhood
Deprivation Index (NDI) was calculated from eight census vari-
ables in the domains of income/poverty, education, employment,
housing, and occupation using the method of Messer et al.*
Specifically, principal components (PCs) analysis was imple-
mented, and the NDI was defined as the first PC, standard-
ized to have mean 0 and variance 1. Thus, the NDI represents
a weighted linear combination of the eight census variables.
Higher values of NDI represent more deprivation in the neigh-
borhood (i.e., lower neighborhood-level SES).
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Telomere length measurement

Relative TL is measured as the ratio of telomeric product (T)
versus the single copy gene product (S) obtained using quan-
titative polymerase chain reaction.*” Details on the TL mea-
surements and quality control for the GERA cohort have
been described previously.** During July 2008-February 2011,
study subjects who completed the questionnaire and con-
sent forms were mailed Oragene saliva collection kits (DNA
Genotek; Kanata, Ontario, Canada). DNA was extracted at
the KPNC RPGEH biorepository, and samples were shipped
in 96-well plates to the Blackburn lab at UCSF for TL anal-
ysis. The TL analysis required the design and construction of
a novel automated integrated robotic system to reliably handle
the high-throughput processing of samples. For this study, the
entire system was capable of running 24 hours/day with live
video, data streams, and environmental variables monitored and
controlled remotely. With an overall daily throughput of 1,920
patient samples, laboratory processing of all samples was ef-
ficiently completed within 4 months. Each sample was run at
least three times on different plates, so a typical sample had 12
measurements. Quality control procedures included filtering out
poor control sets based on the median of the derived standard
curve slopes from the dilution sequences for all the control sets.
The distribution of relative TL (T/S) was found to be positively
skewed. For all analyses, (T/S) was log, transformed to obtain
a more Gaussian distribution and standardized to have mean 0
and variance 1.

Statistical analysis

We computed correlations between covariates using Spearman’s
rank correlation coefficient. We modeled a standardized TL as
a continuous outcome variable using linear regression analy-
ses. We evaluated the effects of education level and NDI on TL
in minimally adjusted models and fully adjusted models, with
covariates chosen a priori.*>* Minimally adjusted models con-
trolled for age, sex and race/ethnicity. The fully adjusted model
included age, sex and race/ethnicity, smoking, body mass index
(BMI), comorbidities (cardiovascular disease, diabetes, cancer,
and Parkinson’s), diet (fruit and vegetable consumption), NDI,
and education level. Thus, in the fully adjusted model, the as-
sociation of NDI was adjusted for the effect of education level,
and similarly, the association of education level was adjusted for
the effect of NDI. Education level was modeled in categories,
including a category for the unknown when the survey ques-
tion on highest education level was not answered. We tested for
a linear trend across increasing levels of education. NDI was
modeled as a continuous variable with a linear effect on TL. To
determine whether there were differences in these associations
by sex, we included interaction terms between education level
and sex and between NDI and sex. Formal tests for statistical
significance of the interaction terms were performed. To assess
potential nonlinearity in the association of NDI with TL, we fit
a generalized additive model with spline effects for NDI using
three degrees of freedom and we formally tested for the statis-
tical significance of a nonlinear effect.* We conducted a sensi-
tivity analysis of the association of NDI and TL by restricting
to the subjects who had lived at the same address for at least 5
years to assess the influence of recent moving. We evaluated the
characteristics of the NDI including the weights and the correla-
tions between each census variable and the NDI measure. The
NDI is a weighted and standardized linear combination of a set
of eight census variables; the weights of the census variables are
determined by the PCs method, so the weights vary from study
to study depending on the underlying joint distribution of those
census variables within the region studied. We compared the
NDI weights of the eight census variables in our study with the
weights previously published in Messer et al (2006). Analyses
were performed in SAS 9.3 and in R 3.2.2.
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Results

Table 1 shows the descriptive characteristics of the 84,996
non-Hispanic white adults in the GERA cohort who were part
of this study. The mean age was 63.9 (range 19-101), and there
were more women (N =49,240; 57.9%) than men (N = 35,756;
42.1%). Study subjects were well-educated, with most complet-
ing college or graduate school (N = 48,244; 59.6%), and very
few with a less than high school education (N = 1,421; 1.8%).
There was a small proportion of missing data for the survey
question on education level (4.8% missing).

The NDI was weakly inversely correlated with education
(r = -0.22), vegetable consumption (r = —-0.10), and fruit con-
sumption (r = -0.10), and weakly positively correlated with BMI
(r = 0.15), smoking (r = 0.03), and number of comorbidities
(r = 0.05); thus those living in neighborhoods with more depri-
vation tended to have a lower education level, lower intake of
fruits and vegetables, higher BMI, be more likely to smoke, and
have more comorbidities. Similarly, education level was weakly
positively correlated with vegetable consumption (r = 0.15) and
fruit consumption (r = 0.15), and weakly inversely correlated
with BMI (r = -0.14), smoking (r = -0.12), and number of
comorbidities (r = =0.09); thus those with higher education lev-
els tended to have higher intake of fruits and vegetables, lower
BMI be less likely to smoke, and have fewer comorbidities.

Characteristics of the study cohort, N = 84,996.

N %
Age
18-39 4,200 4.9%
40-49 7,311 8.6%
50-59 16,953 20.0%
60-69 26,583 31.3%
70-79 20,065 23.6%
80+ 9,884 11.6%
Sex
Female 49,240 57.9%
Male 35,756 42.1%
Highest educational level*
Less than high school 1,421 1.8%
High school or GED 8,431 10.4%
Some college or tech 22,849 28.2%
College 23,826 29.4%
Graduate school 24,418 30.2%
Smoking?
Never 45,368 55.5%
Former 32,499 39.8%
Current 3,873 4.7%
Comorbidities
CVD 25,678 30.2%
Diabetes 7,830 9.2%
Cancer 18,263 21.5%
Parkinson’s 533 0.6%
Vegetable consumption?
Less than once per week 1,159 1.4%
1-2 times per week 5,322 6.4%
3—4 times per week 13,432 16.1%
5-6 times per week 18,519 22.2%
Every day 45,159 54.0%
Fruit consumption?
Less than once per week 3,469 4.2%
1-2 times per week 8,728 10.5%
3—4 times per week 15,114 18.1%
5-6 times per week 15,761 18.9%
Every day 40,299 48.3%
Mean SD
NDI —-0.66 0.61
Years lived at home address 101 51
BMI 26.8 5.3

#ncludes only nonmissing data.
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We found that TL increased with increasing levels of education
in both minimally adjusted and fully adjusted models (P-value
for linear trend <0.0001). Figure 1 illustrates this trend between
education level and TL in the fully adjusted model. Compared
to those with a college education, a less than high school ed-
ucation was associated with a change in standardized TL of
-0.1371 (95% confidence interval [CI] = -0.1919, -0.0823)
and a high school education was associated with a change in
standardized TL of -0.0719 (95% CI = -0.0976, -0.0462).
Some college or technical training was associated with a change
in standardized TL of -0.0408 (95% CI = -0.0593, -0.0223)
and graduate school was associated with an increase in stan-
dardized TL of 0.0201 (95% CI = 0.0022,0.0381) compared to
the reference category of college. There were no differences by
sex in the associations between education level and TL (P-value
= 0.1338). Supplementary Figure 2; http://links.lww.com/EE/
A309 illustrates the trend between education level and TL sepa-
rately by sex. Numeric results for education level in minimally
adjusted and fully adjusted models overall and by sex are given
in Supplementary Table 1; http://links.lww.com/EE/A39.

We found that NDI was inversely associated with TL in
the minimal and fully-adjusted models, where higher neigh-
borhood deprivation was associated with shorter TL. Results
for the association between NDI and TL in the fully adjusted
model are shown in Figure 2A, with results shown overall and
by sex. Overall, a one SD increase in NDI was associated with
a decrease of 0.0192 in standardized TL, 95% CI = -0.0306,
-0.0078. Associations between NDI and TL did not vary by sex
(P-value = 0.8973). Among women, a one SD increase in NDI
was associated with a decrease of 0.0201 in standardized TL
(95% CI = -0.0350, -0.0053) and among men a one SD in-
crease in NDI of was associated with a decrease of 0.0186 in
standardized TL (95% CI = -0.0362, -0.0010). Numeric results
for NDI in minimally adjusted and fully adjusted models are
given in Supplementary Table 2, http://links.lww.com/EE/A39.

We conducted a sensitivity analysis of the association of
NDI and TL by restricting to the subjects who had lived at the
same address for at least 5 years to reduce the influence of re-
cent moving (N = 65,541; 77.1%). The estimated association
of NDI with TL in the sensitivity analysis appeared slightly
stronger (Figure 2B); an increase of one SD in the NDI was as-
sociated with a decrease of 0.0236 in standardized TL (95%
CI = -0.0366, -0.0107, P-value = 0.0004). Associations be-
tween NDI and TL in the sensitivity analysis did not vary by sex
(P-value = 0.7146). Among women, a one SD increase in NDI
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Figure 1. Association between standardized TL and education level in the
fully adjusted model, showing the estimated effect size and 95% ClI for each
education level as compared to the reference level of those with a college
education. Fully adjusted model includes age, sex, smoking, BMI, comorbid-
ities, diet, NDI, and education level.
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Figure 3. Relationship between the NDI and TL when modeled as a spline
effect. The association between NDI and TL was statistically significant when
modeled as a spline effect (P-value = 0.0007) and when modeled as a linear
effect (P-value = 0.0008). There was no statistically significant evidence of
nonlinearity in the association between NDI and TL (P-value = 0.1848).

of was associated with a decrease of 0.0260 in standardized TL
(95% CI = -0.0436, -0.0099) and among men a one SD in-
crease in NDI of was associated with a decrease of 0.0212 in
standardized TL (95% CI = -0.0410, -0.0013). Numeric results
for NDI in sensitivity analyses of minimally adjusted and fully
adjusted models are given in Supplementary Table 3, http:/
links.lww.com/EE/A39.

In our main analyses, we modeled NDI as a continuous var-
iable with a linear relationship to TL. We considered whether
the shape of the relationship between NDI and TL might be
nonlinear, and we used splines to allow for a potentially non-
linear association of NDI with TL. Figure 3 illustrates the as-
sociation between NDI and TL among whites when modeled
using splines. We see that the association looks nearly linear for
NDI ranging from -1 to 1, with a suggestive attenuation of the
effect for NDI less than -1 or greater than 1. However, the test
for nonlinearity in the association between NDI and TL among
whites was not statistically significant (P-value = 0.1848), indi-
cating that the spline model did not provide a better goodness-
of-fit to TL than the linear model.

We further evaluated the characteristics of the NDI, with
results given in Table 2. We found moderate to high correlations
(ranging from 0.67 to 0.85) between each of the eight census
variables with the NDI composite score. The NDI was most
highly correlated with the percent of households in poverty
(r = 0.85). We compared our study’s NDI weights for the eight
census variables with the weights in Messer et al (2006); because

these weights are determined by the PCs, they vary by study and
region. The rows of Table 2 are ordered by the magnitude of
each NDI weight in our study from largest to smallest. The NDI
weights in our study varied, where the largest weight (for the
percent of males who have management and professional occu-
pations) had twice the magnitude of the smallest weight (for
percent of housing units that are crowded). In contrast, Messer
et al (2006) reported that six of the eight variables had nearly
equal weight, and the two remaining variables had a weight that
was approximately 25% smaller.

Discussion

In this study, we found that lower SES at the individual and
neighborhood level were both independently associated with
shorter TL among non-Hispanic whites. Using the education
level as a measure of individual-level SES, we found a clear trend
of decreasing TL with decreasing levels of education. Using the
NDI as a measure of neighborhood-level SES, we found that
greater neighborhood deprivation was associated with shorter
TL. These neighborhood-level and individual-level SES meas-
ures showed independent effects that were statistically signif-
icant in fully adjusted models where both neighborhood and
individual-level SES were included simultaneously. We found no
differences by sex.

Comparison to previous studies

Previous studies of the relationship between individual-level
SES and TL have been substantially smaller in sample size. A
2012 review and meta-analysis of 14 studies combining results
of N = 8,324 individuals found that higher educational level
was associated with longer telomeres.*® Most of these studies in-
cluded populations drawn from the United States or the United
Kingdom. The results were broadly consistent with our finding
among non-Hispanic whites. The random-effects meta-analysis
found a standardized mean difference in TL of 0.060 (95% CI
= 0.002, 0.118) between low and high education categories,
where the high category typically corresponded to college grad-
uate. Comparing subjects with less than high school to those
who completed college in our study, we found a mean differ-
ence in standardized TL of 0.1371 (95% CI = 0.1919, 0.0823)
among non-Hispanic whites. Thus, our study results were in the
same direction as previous studies, with an estimated effect size
was twice that reported in previous studies. Our results were
also consistent with a 2013 study using data from the National
Health and Nutrition Examination Survey found that subjects
with less than a high school education had significantly shorter
telomeres than those who graduated from college, but effect
sizes were not reported per SD change in TL and could not be
directly compared to our study.®
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Characteristics of the NDI, weights determined by PCs analysis.

This study Messer et al (2006)
Correlation NDI NDI
Neighborhood SES census variable with NDI weights weights
Percent of males who have management and professional occupations -0.67 -0.217 -0.28
Percent of households that have a female head of household with dependents 0.76 0.181 0.36
Percent of households earning less than $30,000 per year 0.76 0.173 0.39
Percent of households in poverty 0.85 0.164 0.39
Percent of households on public assistance 0.77 0.163 0.38
Percent of adults who are unemployed 0.71 0.161 0.37
Percent of adults who have less than a high school education 0.74 0.125 0.37
Percent of housing units that are crowded 0.68 0.108 0.26

Even less is known about the association between neighbor-
hood SES and TL. One study of 978 subjects from a multi-ethnic
cohort found no association between neighborhood socioeco-
nomic disadvantage and TL.*! That study also used PCs meth-
odology to combine six census tract variables into a summary
measure of neighborhood SES: percent in census tract with a
bachelor’s degree; percent with a managerial/professional oc-
cupation; percent with a high school education; median home
value; median household income; and percent with household
income greater than $50,000 per year. These variables are sim-
ilar to those used in our NDI measure; however, the weights on
each census variable used to create this PC score were not pub-
lished, so we cannot further compare the measures. The much
smaller sample size of that study as well as the finding of differ-
ences in association of NDI by race/ethnicity in our study could
explain why that study found no association. Another study in a
cohort of N = 2,902 subjects with northern European ancestry
found an association between perceived neighborhood quality
and shorter TL.** Perceived neighborhood quality was assessed
using self-reported answers to questions about noise, vandalism,
and safety.’®! The direction of their association was consistent
with our finding in non-Hispanic whites, although their self-re-
ported neighborhood measure is likely to be capturing a dif-
ferent construct of neighborhood features than our measure of
NDI. Our finding among whites that neighborhood SES is asso-
ciated with TL even after adjusting for education level is con-
sistent with studies that have reported that neighborhood SES
affects both morbidity®*® and mortality®”* even after controlling
for individual-level SES.

Mechanisms

Socioeconomic differences in health have been widely docu-
mented across numerous populations and health outcomes, but
the precise pathways and mechanisms that link SES and health
are not yet understood.>*32 It has been hypothesized that so-
cioeconomic differences in health may result in part from an ac-
celerated aging process among those with lower SES.*° Previous
studies have shown that lower SES is associated with increased ex-
posure to a wide variety of risk factors, from individual behaviors
to environmental exposures.’**>% These factors include cigarette
smoking, radiation, and air pollution, each of which increases ox-
idative stress.” These increased exposures are thought to lead to
a greater risk of cellular and genomic damage and depleted repair
and protection mechanisms.** This damage can be viewed as ac-
celerated aging, which may be reflected in shorter age-adjusted
TL and may increase the risk of premature death and chronic dis-
eases.’”*’ Furthermore, important antioxidants and cofactors for
antioxidant enzymes are derived through dietary intake of fresh
fruits and vegetables,’*® which is why it is crucial to control for
fruit and vegetable consumption as we did in this study.

An important next step of this work would be to con-
duct an analysis that evaluates the mediating role of environ-
mental exposures (e.g., air pollution, noise) and neighborhood

stressors (e.g., violence, crime) and decomposes the total effect
of neighborhood SES into direct and indirect effects using me-
diation analysis methodology. The present study uses residen-
tial addresses of the study participants at the time of specimen
collection to determine TL; these addresses have been geocoded
and linked to census data. Data on neighborhood stressors such
as violence and crime could be assembled from publicly avail-
able data sources and linked to the geocoded addresses in this
study. Longer address histories are available for a subset of study
subjects, and future studies could link spatial or spatio-temporal
data from models of air pollution and noise to these addresses.
Also, the present study looks at the effect of neighborhood SES
after accounting for the impact of individual-level health factors,
but another perspective would be first describing the overall
differences in TL by neighborhood SES and then examining
how much of that overall effect is accounted for by individu-
al-level health factors and behaviors, how much is accounted
for by other spatially-varying exposures such as environmental
exposures and neighborhood stressors, and how much of that
overall effect is as yet unexplained. In addition to the data on
individual-level covariates used in this analysis (age, sex, smok-
ing, BMI, comorbidities, and diet), additional individual-level
data has been collected on this cohort including: marital status,
allergies, physical activity, sedentary activity, and self-reported
chronic pain. Employment status data is available (e.g., working
full time, retired), but detailed occupation data is not available
for this cohort.

Psychological stress may also play a role in the pathway
through which lower SES leads to shortened telomeres. Many
studies have shown that lower SES at the individual-level and
neighborhood-level is associated with a greater level of stress.’”°
Support for this relationship has been strengthened by evidence
that lower SES is related to higher levels of stress hormones cor-
tisol, epinephrine, and norepinephrine.®® Furthermore, increased
psychological stress has been associated with shorter TL.27-3261
Both perceived stress and chronicity of stress have been signif-
icantly associated with higher oxidative stress,®! and oxidative
stress has been linked to shorter TL.»2° A future study could
evaluate this mechanism further by conducting a mediation
analysis that estimates the indirect effect of a measure of psy-
chological stress acting as a fraction of the total effect of neigh-
borhood SES on TL to gain further insight into the potential role
of psychological stress may play in the pathway through which
lower SES leads to shortened telomeres.

Strengths and limitations

This study has a number of strengths and limitations. Our study
population was large, with substantially more participants than
all previous studies of SES and TL combined. A limitation is that
our study lacked racial and ethnic diversity by only including
non-Hispanic whites. However, most previous studies of edu-
cation level and TL also lacked diversity, with study popula-
tions that were mostly white drawn from the United States or
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the United Kingdom. Furthermore, only two previous studies
of neighborhood SES and TL have been published previously.
Thus, our findings from this large study of non-Hispanic whites
add substantial knowledge to this understudied research ques-
tion. Further studies including populations with more racial and
ethnic diversity are needed to understand whether these findings
among non-Hispanic whites are generalizable to other popula-
tions or whether these relationships vary by race/ethnicity.

Study participants were KPNC members who resided in
Northern California. Most study subjects were also highly edu-
cated, where only a small percentage of study subjects had less
than high school education. These factors could limit the gener-
alizability to other populations. However, the KPNC population
is community-based, and members are insured through employ-
er-based plans, Medicare and Medicaid. In addition, compari-
sons of KP members to that of the CA population living in the
same counties have shown that KPNC members have shown
similar profiles across demographic, ethnic and SES, and self-re-
ported health behaviors, with the exception of slightly higher
median incomes among KPNC members (65% vs. 58% with
>$35,000 annual household income, respectively) and slightly
lower proportion of KPNC members living in high-poverty
neighborhoods compared to the general population (8.2 vs.
9.9%, respectively).%¢3

TL was measured in a single laboratory using a uniform, re-
dundant and robust assay, conducted with a high level of quality
control and extensive quality evaluation, which is a strength of
our study. Most previous studies have used leukocyte TL meas-
ured from blood samples whereas our study obtained TL meas-
ures from saliva samples, which could make direct comparisons
or TL results across studies more difficult to interpret. However,
up to 74% of the DNA in saliva derives from leukocytes,* which
suggests that results obtained from saliva samples would dem-
onstrate characteristics comparable to blood-derived DNA. This
study focuses on a plausible biological mechanism by which SES
may act through psychological stress to shorten telomeres.

We focused on previously established measures of individ-
ual-level and neighborhood-level SES: education level and the
NDI. Education level has been widely used as a measure of
individual-level SES in previous research. Previous studies have
used the NDI or similar measures that combine several census
variables using PCs analysis to measure neighborhood SES. The
NDI is a weighted and standardized linear combination of a
set of eight census variables where the weights are determined
by the PCs method. Thus, the weights vary from study to study
depending on the underlying joint distribution of those census
variables within the region studied. Many previous studies have
not published the weights used to create their neighborhood SES
measure, nor have they published the correlations between the
overall neighborhood SES measure with the individual census
variables, making comparisons across studies more difficult.
We have used a previously established measure of NDI, and we
have provided additional information on the characteristics of
the NDI in this study to aid in interpretation.

TL was measured at only one-time point for each study par-
ticipant in this cross-sectional study. Although cross-sectional
studies have inherent limitations in establishing temporal se-
quence of exposure and outcome, this study uses measures of
past education level and neighborhood characteristics at home
addresses where participants had often lived for many years.
On average subjects had lived at their home address for 10.1
years preceding the date that the saliva was collected to measure
TL (Table 1), and results of our sensitivity analysis showed that
estimated effect sizes were slightly larger when restricting to
subjects who lived at their current address for at least 5 years.
Similarly, given the mean age of 63.9 in this cohort, the high-
est education level reported by each subject is likely to have
occurred decades before the measurement of the TL outcome.
Still, as with any cross-sectional study, we cannot completely
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rule out the possibility of reverse causation for NDI where sub-
jects with shorter TL moved to low-SES neighborhoods. This
issue could be addressed in future studies that collect longitu-
dinal measurements of TL repeated over many years.

Since TL is considered a marker of aging, we can gain some
further insight into the interpretation of the effects sizes of
neighborhood and individual-level SES on TL in relation to the
effect size of age on TL. Our effect estimate for a 1-SD change
NDI on TL translates to approximately 2 years of aging, so the
difference of very high NDI and very low NDI (4-SDs) translates
to approximately 8 years of aging. For education, the difference
of a high school education and a college education translates to
approximately 7 years of aging, and the difference of less than
high school education as compared to college education trans-
lates to approximately 14 years of aging.

This study examined the relationship of individual-level and
neighborhood-level SES to TL among 84,996 non-Hispanic
white subjects in the GERA cohort. We found that lower edu-
cation levels were associated with shorter TL and that greater
neighborhood socioeconomic deprivation was associated with
shorter TL. We found that both individual-level and neighbor-
hood-level SES have independent effects on TL. We found no
differences by sex. Further research is needed to understand
how these measures of individual-level and neighborhood-level
SES relate to psychological stress and the cellular aging process
so that these associations with TL can be better understood.
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