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Abstract

Background

Leukocyte telomere length(LTL) has been associated with age, self-reported race/ethnicity,

gender, education, and psychosocial factors, including perceived stress, and depression.

However, inconsistencies in associations of LTL with disease and other phenotypes exist

across studies. Population characteristics, including race/ethnicity, laboratory methods,

and statistical approaches in LTL have not been comprehensively studied and could explain

inconsistent LTL associations.

Methods

LTL was measured using Southern Blot in 1510 participants from a multi-ethnic, multi-cen-

ter study combining data from 3 centers with different population characteristics and labora-

tory processing methods. Main associations between LTL and psychosocial factors and

LTL and race/ethnicity were evaluated and then compared across generalized estimating

equations(GEE) and linear regression models. Statistical models were adjusted for factors

typically associated with LTL(age, gender, cancer status) and also accounted for factors

related to center differences, including laboratory methods(i.e., DNA extraction). Associa-

tions between LTL and psychosocial factors were also evaluated within race/ethnicity sub-

groups (Non-hispanic Whites, African Americans, and Hispanics).

Results

Beyond adjustment for age, gender, and cancer status, additional adjustments for DNA

extraction and clustering by center were needed given their effects on LTL measurements.

In adjusted GEE models, longer LTL was associated with African American race (Beta(β)

(standard error(SE)) = 0.09(0.04), p-value = 0.04) and Hispanic ethnicity (β(SE) = 0.06
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(0.01), p-value = 0.02) compared to Non-Hispanic Whites. Longer LTL was also associated

with less than a high school education compared to having greater than a high school edu-

cation (β(SE) = 0.06(0.02), p-value = 0.04). LTL was inversely related to perceived stress (β

(SE) = -0.02(0.003), p<0.001). In subgroup analyses, there was a negative association with

LTL in African Americans with a high school education versus those with greater than a high

school education(β(SE) = -0.11(0.03), p-value<0.001).

Conclusions

Laboratory methods and population characteristics that differ by center can influence telo-

mere length associations in multicenter settings, but these effects could be addressed

through statistical adjustments. Proper evaluation of potential sources of bias can allow for

combined multicenter analyses and may resolve some inconsistencies in reporting of LTL

associations. Further, biologic effects on LTL may differ under certain psychosocial and

racial/ethnic circumstances and could impact future health disparity studies.

Introduction
Telomere DNA consists of long stretches of (TTAGGG) repeat DNA located at the ends of
chromosomes[1] and are required for the replication and stability of chromosomes[1]. These
repeats naturally shorten with age in all replicating somatic cells[2] due to the inability of the
cell to copy the ends of DNA and maintain length over time[3]. Beyond chronological age, telo-
meres can also shorten prematurely in response to cellular oxidative stress[4, 5]. In normal
cells, telomere shortening results in cell senescence or apoptosis[6, 7]. Senescence and apopto-
sis can function as tumor suppressor mechanisms but can also disrupt normal tissue microen-
vironments and contribute to aging phenotypes[8–11]. Cells with critically short telomeres
that escape apoptosis or senescence [12], and continue to replicate, have unstable genomes and
are believed to mark a critical step on the pathway to malignant transformation[2, 13] [14, 15]
[4, 16].

Leukocyte telomere length (LTL) has emerged as a potential biomarker of aging, cumulative
oxidative stress, and disease, and represents a promising intermediate trait linking chronic cel-
lular stress with disease pathogenesis. Several psychological and social conditions have been
associated with both an increase in cellular oxidative stress[5, 17] and subsequent LTL shorten-
ing[5, 18–21]. Depression[22], perceived stress[23], and educational attainment[5] are associ-
ated with LTL attrition. However, elucidating the complex relationship between psychosocial
factors and LTL[24] has been difficult, and inconsistent results have been reported in the litera-
ture [5].

While previous studies have demonstrated that membership in certain race/ethnic groups
may be associated with a range of socioeconomic and psychosocial factors that could result in
shorter LTL [25], namely educational level[5] and perceived stress[23], reports on the effects of
race/ethnicity on LTL especially are limited and also inconsistent. Most association studies of
LTL have been conducted in female and Non-Hispanic White populations[4, 5]. Studies that
include racial/ethnic minorities suggest that Non-Hispanic Whites have shorter LTL compared
to African Americans(16, 17) and Hispanics[4]. However, one study suggested that African
Americans and Hispanics have shorter LTL than Non-Hispanic Whites[25]. Given the impli-
cations for disease prevention, as well as the potential insights into common mechanisms
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affecting cellular oxidative stress and aging, it is important to better understand both the racial
and psychosocial contexts in which changes in telomere biology occur using more diverse
samples.

Elucidating the relationship between LTL and social factors can be a challenge. This is
because inconsistencies in telomere research might be due in part to differences in study popu-
lation demographics, laboratory approaches, or selected statistical methods that can often vary
both within and across LTL association studies[4]. For instance, older age and male gender are
consistent population characteristics associated with shorter LTL[4]. Thus, study populations
with higher proportions of older males may report associations with LTL more readily than
younger female study samples. [4]. From a laboratory perspective, differences in cell types used
to measure telomere length (i.e. buccal, blood leukocyte, tissue), DNA extraction methods[26],
and type of telomere length assay can affect the validity and reliability of telomere length mea-
surements [4, 5, 14, 15], and ultimately reported LTL associations[4, 5, 14, 15, 27].

Further, laboratory methods and study population demographics often inform statistical
approaches in LTL studies. For instance, the assay selected to measure LTL can affect the
reporting and statistical analysis of the LTL outcome variable. Terminal restriction fragment
(TRF) assays, known as the gold standard for measuring LTL[27, 28], measure (TTAGGG)n
lengths directly by analysis of Southern blots of restriction digests of genomic DNA with fre-
quently-cutting enzymes. Telomere length is reported in terms of the average size of the undi-
gested telomere fragment (which lacks sites for palindrome-dependent restriction enzymes) in
base pairs or kilobases(kb) for each leukocyte DNA sample. Quantitative polymerase chain
reaction (qPCR), a high-throughput technique often used in large, population-based studies[4,
29, 30], outputs LTL in terms of T/S ratios. Here, a PCR-generated signal that is dependent
upon the total (TTAGGG)n content of the sample (T) is compared to the PCR signal from a
known gene present only once in the genome (S). T/S ratios of experimental genomic DNA
samples are then each compared with those of a reference genomic DNA sample, determined
under identical experimental conditions, to arrive at a value describing the telomere content of
each unknown sample(24,25). Additionally, some studies account for the potential effects of
population characteristics on telomere length outcomes and convert T/S ratios or LTL kb into
standardized Z-scores that are adjusted for age and gender[31, 32]. Although T/S ratios and
LTL derived from TRF are assumed to be closely correlated(24,25), differences in reported telo-
mere length metrics (e.g. kb, ratios, or Z-scores) can make comparisons across studies difficult,
and the implications of using various data transformations and statistical approaches on
observed LTL associations has yet to be formally evaluated.

In this study, we use data from a multicenter, multi-racial/ethnic, cross-sectional study to
investigate the effect of race/ethnicity and psychosocial factors on a disease-related biomarker.
The study sample is comprised of centers that used different LTL laboratory methods and that
each contribute different population demographics. The purpose of this analysis is two-fold.
First, we conduct a comprehensive investigation of the collective effect of laboratory proce-
dures, study participant characteristics, and statistical measures in order to better understand
telomere length associations and any potential inconsistencies in observed associations. Sec-
ond, once these factors have been considered, we evaluate the effect of race/ethnicity on the
relationship between psychosocial factors and telomere length.

Methods

Study Sample
Our primary study sample was drawn from three centers: the University of Pennsylvania
(Penn), the Ohio State University (OSU), and the University of Texas Medical Branch
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(UTMB). These centers were originally part of the larger Centers for Population Health and
Health Disparities[33] whose main disease focus was on the study of cancer. All study partici-
pants were recruited between 2004 and 2012. Each center had its own protocol for recruitment
and data collection that has been described previously [34–36], and inclusion/exclusion criteria
for each study are listed in Table 1. Study participants agreed to donate a blood sample to extract
genomic DNA, and they completed a standardized questionnaire at the time of study enrollment.
Study participants were followed-up for cancer status. Written informed consent was obtained
from all participants, and study protocols were approved by the Institutional Review Boards of
the University of Pennsylvania, University of Texas-Medical Branch, and Ohio State University.

Covariates
Variables common to all 3 centers included: gender(male/female), age at enrollment (continu-
ous); race/ethnicity(White/Non-Hispanic, African American/Non-Hispanic, and Hispanic),
educational status (less than high school or less than 12 years of schooling; high school educa-
tion or 12 years of schooling/GED);>high school education or>12 years of schooling), disease
status (cancer; yes/no), as well as other behavioral factors, including smoking status (ever/
never). The psychosocial factors in this study were defined by perceived stress and depression.
To evaluate stress, we used the validated perceived stress scale (PSS)[37, 38]. This is a 10-item
global measure of perceived stress where higher scores indicate greater perceived stress(total
score range: 1–40). Total PSS was normally distributed in this sample, and we dichotomized
this variable to compare high (above median) to low (below median) stress[39, 40]. Questions
from the validated Center for Epidemiological Studies-Depression (CES-D) scale[41] and the
CES-D revised(R) scale[42] were used to ascertain depressive symptoms. Both the CES-D and
CES-DR are 20-item scales (total score range: 0–60). Higher scores, particularly those above
16, suggest more depressive symptoms[41]. The combined total scores from CES-D and
CES-DR were positively skewed; we dichotomized at the clinical cut-point of 16[41] to com-
pare those with higher and lower levels of depressive symptoms. PSS, CES-D, and CES-DR
scales have been validated in multiethnic studies [43, 44].

Laboratory/Statistical Methods
Prior to assessing our primary data, we undertook a review of multicenter association studies
of LTL in order to ascertain laboratory factors and statistical approaches that appear to contrib-
ute to inconsistent LTL associations in a multicenter setting(S1 Protocol; S1 Table) (4):

Tissue Source for DNA. All centers followed the same standardized blood draw protocol
and used the same tissue source to extract DNA, peripheral blood leukocytes. Twenty milliliters

Table 1. Study Descriptions and Inclusion/Exclusion Criteria.

Center Original Disease Focus: Primary Race/
Gender

Sample size
(n = 1510)

Inclusion criteria

Ohio State University(OSU)
[34]

Cervical cancer: Non-Hispanic White/
underserved women

111 Women from Appalachia with an intact uterine cervix and
corpus, not pregnant, and no history of cervical cancer
recruited at time of routine cervical cytology.

University of Pennsylvania
Hospital System (UPenn)
[36]

Prostate cancer: Non-Hispanic White and
African-American/men

101 Male prostate cancer patients from UPenn urology clinics
with blood sample.

University of Texas Medical
Branch(UTMB)[35]

Stress effects near oil refineries: Non-
Hispanic and Hispanic Whites and African
American/men and women

1298 Population-based sample of Non-Hispanic households
and a strata sample of Hispanic households in Texas
City, TX.

doi:10.1371/journal.pone.0146723.t001
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of blood were drawn from each subject by a trained phlebotomist. Samples were centrifuged
and buffy coats were stored at -70°C until DNA extraction and telomere assay.

DNA Extraction. Genomic DNA was extracted from each center individually and sent to
the Wistar Institute for analysis. OSU and UTMB samples were processed using the QIAamp
DNA Extraction Kit (Valencia, CA). Penn DNA samples were extracted using Chemagen Mag-
netic Bead technology (n = 61) and phenol-chloroform extraction (n = 40).

Terminal Restriction Fragment (TRF) assay. TRF length assays, also known as Southern
Blots, were used to measure LTL from extracted DNA on all study samples (using duplicate
samples), as described previously by Kimura et al[45] and detailed in Supplementary Labora-
tory Methods(S2 Protocol). Briefly, genomic DNA samples were digested with restriction
enzymes Hinf I (10U) and Rsa I (10U; Roche), and mean LTL in kb was determined using Tel-
orun software[45]. All TRF assays were conducted in the same laboratory at the Wistar
Institute.

Quantitative Telomere PCR (qPCR). For a subset of Cross-Center samples (Penn,
n = 101 and OSU, n = 111), LTL was also measured using the quantitative PCR method devel-
oped by Cawthon, modified for compatibility with the Applied Biosystems 7900 HT instru-
ment [30](S2 Protocol). Assays were carried out in triplicate, and center samples were batch
analyzed to minimize inter-assay variation. The T/S ratios of each experimental sample relative
to the reference sample were generated using the comparative CT (cycle threshold) method
[30]. T/S ratios and LTL kb were compared for quality control comparisons.

Coefficient of Variation Percentages (CV%). CV% were calculated for duplicate (TRF
measurements) or triplicate(qPCR measurements) samples using the pooled standard devia-
tion of the duplicates or triplicates divided by the overall mean of all measurements. The TRF
overall CV was 1.25%. The qPCR intra- and inter-plate CV% were 4.9% and 12.9%,
respectively.

Statistical Analysis. Data quality control measures were undertaken to identify any
potential measurement errors or inconsistencies. Box plots of LTL measurements were gener-
ated to identify outlier points or data errors. LTL is described using means, medians, standard
deviations and ranges. Distributions of LTL were not normal, and data transformations were
conducted for statistical analysis. Methods used in past multicenter studies were used to inves-
tigate inconsistencies and LTL associations (S1 Protocol; S1 Table). Specifically, we evaluated
correlations between log-transformed LTL from TRF and log-transformed LTL from qPCR
measurements in the combined study population, by center, and by DNA extraction method
[26] using[4, 27–30] linear regression.

Relevant study population characteristics overall and by center are summarized by medians
and frequencies. Comparisons of population characteristics across center and by LTL were
conducted using nonparametric tests (Kruskal-Wallis and Wilcoxon ranked sum) for primary
evaluation of population demographics, which included comparison of findings related to age
and gender to those reported in literature.

Associations between LTL and age, LTL and race/ethnicity, and LTL and psychosocial fac-
tors, including education, perceived stress, and depression, were assessed using the two com-
mon telomere length metrics reported in multicenter settings (S1 Table), log-transformed
telomere length(kb) and LTL Z-score. Inverse-weighted variance Z-scores were calculated by
subtracting the log-transformed LTL sample mean from the original sample values and then
dividing by the sample standard deviation[31, 32]. Z-scores were also adjusted for age, gender,
and cancer status by estimates within strata and then taking the weighted average across strata
[46–51] [52, 53]. Population demographic variables, age, gender, and cancer status, relate to
LTL in literature (4) (S1 Protocol/S1 Table). Multivariable linear models and generalized esti-
mating equations((GEE) (using an independence correlation structure and robust standard
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errors) [54]) were first used to assess associations of LTL with more established population risk
factors, age, gender, and cancer status, in order to serve as a quality control check of our data.
These GEE and linear regression models of LTL and established risk factors also accounted for
potential effects by center and by laboratory methods that are specific to this study sample.
After accounting for potential sources of bias, relevant population and laboratory factors were
chosen for final inclusion in GEE and linear regression models evaluating associations among
LTL, psychosocial factors, and race/ethnicity using stepwise forward and backward variable
selection approaches, with a liberal variable inclusion cut-off of p<0.25. Interactions between
age, gender, race/ethnicity, and psychosocial factors were then evaluated using appropriate
cross-product terms within statistical models. Subgroup analyses were further conducted by
race/ethnicity, and in those without cancer and within the UTMB cohort. All P-values were
two-sided. All statistical analyses were conducted using STATA version 9.1.

Results

Laboratory Methods Evaluation
Laboratory factors affecting LTL measures in previous studies were identified (i.e. type of telo-
mere assay, comparison of telomere assays, DNA extraction protocols, CV%) and evaluated for
effects on LTL measurements in our study. In pilot experiments, TRF assays consistently
yielded excellent measurement CVs<2% across study centers. qPCR measurements often have
higher CV%s compared to TRF assays, which was consistent here (Penn: qPCR 12.0 CV% and
TRF 0.93 CV%; OSU: qPCR 1.2 CV% and TRF 0.01 CV%; UTMB: qPCR 27 CV% and TRF 1.9
CV%) [14]. UTMB qPCR samples yielded an unacceptably high measurement CV%, possibly
due to an unknown analyte affecting the qPCR reaction (24)). Thus LTL measured from TRF
assays served as our main outcome variable, and UTMB qPCR samples were excluded from
additional quality control checks. qPCR and TRF(Southern Blot) quality control comparisons
were made with OSU and Penn samples(n = 211)[14]. The relationship between log-trans-
formed TRF measures and log-transformed T/S ratios showed an overall R2 of 0.60(Fig 1A).
The R2 within centers was 0.71 for Penn (Fig 1B) and 0.93 for OSU (Fig 1C). Comparing log-
transformed TRF to log-transformed T/S ratios by DNA extraction method, the R2 for QiAmp
DNA extraction was 0.81; for Chemagen, 0.69 and for phenol-chloroform, 0.90. The mean
(standard deviation) LTL from TRF across all centers was 6.55kb (2.86). Within center, mean
LTL was 8.42kb (4.50) for Penn; 6.34kb (1.95) for OSU; and 6.42kb (2.71) for UTMB. Median
LTL was significantly different by extraction method (p-value<0.001) (Fig 1D). However,
median LTLs were not significantly different between Qiagen and Chemagen methods (p-
value = 0.48).

Study demographic evaluation. Baseline characteristics of the study overall (n = 1510)
and by center were evaluated to determine potential clustering and confounding effects by cen-
ter (Table 2). The overall study population was 58.8% female. 15.7% had a cancer diagnosis,
and 51% had ever smoked cigarettes. The average age was 50.6 years, with a standard deviation
of 15.6. All population characteristics, except for smoking, were significantly different across
centers. Baseline study population characteristics of the combined study population (includes
all 3 centers) were compared on median LTL and log-transformed LTL(kb) in order to com-
pare our results to literature and to identify factors related to LTL that could be tested in for-
ward and backward regression models with age and LTL(Table 3). Only cancer status had a
significant association with median LTL; cancer cases had longer LTL than those without can-
cer (p-value = 0.02). There was no statistical relationship between LTL and gender (median
LTL(kb), interquartile range (IQR): men = 6.43, 4.14–8.39; women = 6.33, 4.39–8.27; Table 3)
in the overall cohort and when restricting the population to those without cancer(median TRF
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(kb), IQR: men = 6.01kb, 4.10–8.00; women = 6.33, 4.48–8.27, p-value = 0.12; Supplementary
Table 2).

Associations between population demographics, laboratory methods and LTL. There
was no correlation between age and log-transformed LTL(R2 = -0.08, p-value = 0.45) and Z-
score LTL(R2 = -0.10, p-value = 0.49) in crude models. In adjusted models, the best fitting lin-
ear regression and GEE model for continuous age and log-transformed LTL or Z-score were
the same and included the following: gender (GEE p-value<0.001), cancer status (GEE p-
value<0.001), a gender-cancer status interaction (GEE p-value<0.001), and DNA extraction
method (GEE p-value<0.001). The gender-cancer status interaction remained when using
OSU/UTMB(p-value = 0.01) or UTMB data only(p-value = 0.02). Thus, investigations of LTL,
race/ethnicity, and psychosocial factors in the full study sample included adjustments for these
model variables.

Association of Race/Ethnicity, Psychosocial Factors and LTL. The distribution of psy-
chosocial factors and race/ethnicity differed significantly across centers (Table 2). The sample
was comprised of 45.6% non-Hispanic Whites, 45.0% Hispanics, and 9.4% African Americans.

Fig 1. Laboratory Methods Evaluation Comparing Telomere Length by Telomere Assay Type, Center,
and DNA extractionmethod. a-c. Comparison of Log-transformed telomere length (LogTRF) from Southern
Blot (also known as terminal restriction fragment (TRF) assays) to log-transformed telomere content (T) to
standard gene (S) ratios (Log T/S ratio) from quantitative PCR in the overall sample (a) and by center (b,c;
where b = University of Pennsylvania (Penn); c = Ohio State University(OSU)). d. Median telomere length
from terminal restriction fragment assays and correlation or R2 by DNA extraction method.

doi:10.1371/journal.pone.0146723.g001
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The Penn and OSU study participants reported higher levels of education than UTMB (p-
value<0.001). OSU, which included only females, reported the highest levels of stress and
depression (p-value = 0.03). There were no statistically significant differences in mean or
median LTL across psychosocial variable groups (Table 3). However, African Americans had
the longest median LTL (6.61kb, IQR = 4.56–8.82), and Non-Hispanic Whites the shortest
(6.11kb, IQR = 4.19–8.23). Patterns were consistent when restricting the study population to
those without cancer (S2 Table) and UTMB only. No significant interactions between popula-
tion demographics and psychosocial factors were observed.

Associations with log-transformed LTL and LTL Z-scores with race/ethnicity and psychoso-
cial factors were estimated using both adjusted linear regression (Model 1) and GEE models
(Model 2)(Table 4). Regardless of LTL measure or statistical model, there was a significant,
direct relationship between LTL and race/ethnicity. For both LTL outcome measures (log-
transformed LTL and Z-score), GEE models presented a significant relationship between lower
levels of education (less than high school) (log-transformed LTL p-value = 0.02) and higher
levels of perceived stress(log-transformed p-value<0.001). Results were similar when analyzing
perceived stress and depression as continuous variables (data not shown). Reported associa-
tions between race/ethnicity and psychosocial factors were similar when limiting the study
population to those without cancer (which eliminated adjustments for cancer status and the
interaction of gender and cancer status) and UTMB only (which eliminated adjustment for
center and laboratory effects). Since both LTL measures resulted in similar association results,
and there are clustering effects by center, the best model for this data appears to be GEE models
analyzed with log-transformed LTL.

Table 2. Study Characteristics.

ALL Centers Penn OSU UTMB p-valueb

Population Characteristics

Total Population (n) 1510 101 111 1298

Median Telomere length (kb)a 6.4 (4.3–8.3) 8.7 (4.2–11.8) 6.3 (5.1–7.9) 6.3 (4.2–8.3) 0.0001

Median Agea 51 (38–63) 58 (53–63) 30 (26–43) 51 (38–64) 0.0001

Male Gender (%) 41.2 100 0 40.1 0.0001

Cancer diagnosis(%) 15.7 100 0 10.5 <0.001

Ever Cigarette Smokers(%) 51.0 57.4 42.3 51.2 0.08

Race (%)

Non-Hispanic White 45.6 89.0 98.2 37.8

African American 9.4 11.0 1.8 9.9

Hispanic 45.0 0 0 52.3 <0.001

Education(%)

> High School 37.0 72.3 64.9 31.8

High School/GED 29.8 23.7 23.4 30.8

<High School 33.2 4.0 11.7 37.4 <0.001

Psychosocial Factors

Median Total Depression Score 6(1–15) 8 (3–13) 12 (7–22) 5 (0–14) 0.0001

Median Total Perceived Stress 19 (17–22) 20 (18–22) 22 (19–24) 19(16–22) 0.0001

Abbreviations: University of Pennsylvania(Penn), Ohio State University(OSU), University of Texas Medical Branch(UTMB)
a Medians(interquartile range for the median)
b p-values comparing characteristics across each of the 3 centers using Kruskal Wallis Test or Fisher’s Exact Test. Range from low to high for Depression

(0–60) and Perceived Stress Scale (0–40).

doi:10.1371/journal.pone.0146723.t002
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No statistically significant associations between log-transformed LTL and psychosocial fac-
tors were reported for Caucasians or Hispanics using GEE models(Table 5). Compared to
those with more than a high school education, having only a high school education was signifi-
cantly related to shorter LTL (p-value<0.001) in African Americans.

Discussion
Inconsistent associations between LTL, race/ethnicity, and psychosocial factors in literature
have been reported [5] (16, 17) [23] [25], and few studies have evaluated the association
between LTL and psychosocial factors within race/ethnic subgroups[25]. Inconsistencies in lit-
erature between socioeconomic and psychosocial factors and LTL have been attributed to dif-
ferent laboratory and statistical approaches employed in these telomere studies[4], but few
studies have evaluated these methodological effects. Multi-center studies serve as an ideal

Table 3. Unadjusted Median Telomere Length(kb) and Mean Log-Telomere Length(TL in kb) by Study Characteristics(ALL n = 1510).

Median TL (kb) (Interquartile Range)a p-valueb Mean logTL(SD) p-valuec

Population Characteristics

Age

Younger age(< = 51) 6.39(4.33–8.29) 1.78(0.44)

Older age(>51) 6.30(4.20–8.32) 0.68 1.77(0.50) 0.51

Gender

Female 6.33 (4.39–8.27) 1.77(0.44)

Male 6.43 (4.14–8.39) 0.58 1.78(0.51) 0.07

Cancer diagnosis

Yes 7.14 (4.00–9.18) 1.83(0.58)

No 6.28 (4.30–8.17) 0.02 1.77(0.45) 0.08

Ever Smoker

Yes 6.45(4.25–8.29) 0.71 1.78(0.47)

No 6.28(4.31–8.31) 1.77(0.48) 0.89

Race

Non-Hispanic White 6.11(4.19–8.23) 1.75(0.490

African American 6.61 (4.56–8.82) 1.83(0.48)

Hispanic 6.42 (4.42–8.27) 0.12 1.79(0.45) 0.18

Education

> High School 6.35(4.29–8.30) 1.77(0.50)

High School/GED 6.13(4.29–8.30) 1.76(0.48)

<High School 6.43(4.53–8.15) 0.61 1.80(0.43) 0.46

Psychosocial Factors

Total Perceived Stress

High Stress (>19) 6.33(4.20–8.32) 1.77(0.48)

Low Stress (< = 19) 6.39(4.33–8.26) 0.60 1.78(0.47) 0.69

Total Depression

High Depression (>16) 6.45(4.50–8.52) 1.81(0.44)

Low Depression (< = 16) 6.33(4.24–8.23) 0.12 1.76(0.48) 0.19

Ranges of Median and Mean telomere length are similar to those reported in literature[27, 29, 30].
a Medians(interquartile range for the median)
b p-values comparing characteristics across 3 or more groups using Kruskal Wallis Test, otherwise used Wilcoxon Ranked Sum Test
c p-values comparing characteristics across 3 or more groups using ANOVA, otherwise used T-test.

doi:10.1371/journal.pone.0146723.t003
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opportunity for evaluating methodological effects on LTL associations since they often com-
bine data from centers with heterogeneous populations and varying laboratory approaches.
Our findings suggest that combining and comparing data from multiple centers is valid and
can have little effect on LTL associations. Inconsistencies can be minimized through proper
evaluation of factors that could influence LTL measurements and with appropriate statistical
adjustments.

We first assessed our laboratory methods and demonstrated that our telomere measure-
ments in the combined study population were reliable and valid compared to other published
studies[4, 5, 14, 15]. More specifically, we evaluated the source of DNA, type of telomere length

Table 4. Adjusted Regression Estimates(Standard Errors) of Individual Race/Ethnicity, Education, Psychosocial Factors and Log-Transformed
and Z-Score Telomere Length(TL in kb).

Log-Transformed TL Z-Score TL

Model 1 Model 2 Model 1 Model 2

Race (compared to Non-Hispanic Whites)

African-American 0.10(0.04)++ 0.09(0.04)++ 0.19(0.09)++ 0.17(0.08)++

Hispanic 0.07(0.03)++ 0.06(0.01)+++ 0.16(0.06)++ 0.13(0.03)+++

Education (compared to > High School)

High School education 0.01(0.03) 0.01(0.03) 0.01(0.06) 0.0004(0.04)

Less than high school 0.06(0.03)+ 0.06(0.02)++ 0.13(0.06)+ 0.12(0.04)++

Perceived Stress

High Stress(compared to low stress) -0.02(0.02) -0.02(0.003)+++ -0.05(0.05) -0.05(0.003)+++

Depression

High Depression (compared to low) 0.04(0.03) 0.04(0.02)+ 0.07(0.06) 0.07(0.05)+

Model 1 = Linear Regression; Model 2 = GEE, accounts for clustering of center. LogTL model adjusted by age, gender, cancer status, DNA extraction,

and the interaction of gender and cancer status. Z-score adjusted by age, gender and cancer status and model adjusted by DNA extraction.

+++p-value � 0.001

++p-value >0.001 and <0.05

+suggestion of significance p-value<0.15, but �0.05.

doi:10.1371/journal.pone.0146723.t004

Table 5. GEE Estimates(Standard Errors) of Individual Socioeconomic and Psychosocial Factors and Log-Transformed Telomere Length(TL in
kb) stratified by Race/Ethnicitya.

Non-Hispanic Whites (n = 688) African Americans(n = 142) Hispanicsb(n = 688)

Education (compared to > high school education)

High School education 0.03(0.04) -0.11(0.03)+++ 0.001(0.05)

Less than high school -0.02(0.05) 0.01(0.02) 0.07(0.04)+

Perceived Stress (compared to low stress)

High Stress 0.02(0.03) -0.001(0.01) -0.05(0.04)+

Depression (compared to low)

High Depression 0.09(0.05) 0.02(0.04) -0.01(0.04)

a Model adjusted for age, gender, cancer status, gender-cancer status interaction, and DNA extraction method
bLinear Regression Model is reported since all Hispanics come from only 1 center. This model is adjusted by age, gender, cancer status and the

interaction of gender and cancer status.

+++p-value � 0.001

++p-value >0.001 and <0.05

+suggestion of significance p-value<0.15, but �0.05.

doi:10.1371/journal.pone.0146723.t005
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assays, CV percents, and DNA extraction techniques[4, 5, 14, 15] since they are known to con-
tribute to discrepancies in reporting associations between LTL and disease[3, 14, 26]. Choice of
tissue type (blood leukocytes) and assay (Southern Blot) in our study were consistent with
those used in literature(4), and correlations(R2) between TRF(Southern Blot) LTL and T/S
ratios for Penn and OSU were within range of other studies (0.60–0.95) [27, 29, 30, 52, 53]. We
would expect our results to be similar in multicenter studies that use qPCR approaches (and a
single laboratory to measure LTL), given that quality control checks like CV% and correlations
between Southern Blot and qPCR generally have satisfactory ranges (i.e. R2 from 0.60 to 0.95)
[27, 29, 30, 52, 53]. OSU had higher R2 values than Penn, which could potentially be explained
by sample purity. qPCR is more sensitive to analytes than TRF(28, 29, 30), and Penn samples
could have contained more analytes. Thus, the use of LTL from TRF as the main outcome vari-
able in our analysis was appropriate.

Similar to published studies where qPCR was used, phenol-chloroform DNA extraction
resulted in longer mean and median telomeres than Qiagen methods[14, 26], and Qiagen and
Chemagen, both column-based extraction methods, yielded similar median LTL results [14,
26] in our study, which usedTRF assays. Thus, the relationship between qPCR and Southern
Blot LTL was likely not affected by DNA extraction method. However, given that the majority
of our samples were extracted using Qiagen and Chemagen(97.3%), our LTL measurements
could be underestimated and result in Type II error. However, the bias is likely nondifferential.
Few multicenter studies of LTL report and consider the effects of DNA extraction on study out-
comes(S1 Table), and DNA extraction appears to contribute to inconsistent findings in telo-
mere association studies[14, 26].

We also assessed population demographic effects or established risk factor effects on LTL in
our sample. Age and male gender have been associated with shorter LTL(4) in many studies.
While we see the same trends in our data, we do not observe statistically significant associations
in crude, single variable analyses(S2 Table). Although the linear relationship between age and
LTL was weaker in the present study for log-transformed LTL(R2 = -0.08) than previously
reported(R2~0.15 [4]), the attenuated association observed between age and LTL when adjust-
ing for other covariates, like gender, is consistent with other studies[53]. Additionally, the rate
of telomere attrition may vary over lifespan, with some studies suggesting more rapid attrition
in younger ages (childhood) and in later decades of life (over age 70) [55, 56]; the age range of
the sample was 26–64 and the median age of the sample was relatively young at 51 years
(Table 2). We also found that male cancer cases had longer telomeres compared to non-cancer
cases, and this has been observed in literature[57, 58], although inconsistently[59].

These initial evaluations informed which laboratory and population factors may affect LTL
associations with race/ethnicity and psychosocial factors in our study. DNA extraction method,
along with age, gender, cancer status, and the interaction of gender and cancer status, were sig-
nificant confounders. Center-specific study recruitment led to specialized groupings of gender
and cancer status by center. Thus, center was a cluster variable, and GEE models, which
accounted for the within and between effects of the center cluster variable and include stricter
standard errors[60], appeared more appropriate in our analyses. Few multi-center association
studies of LTL have accounted for potential cluster effects (S1 Table), and we found no signifi-
cant associations between LTL, race/ethnicity, and psychosocial factors in crude models with-
out adjustment for clustering effects, laboratory methods, or relevant population demographics
in our multicenter sample. This finding and concern over additional variability in LTL in those
with cancer and by center prompted us to compare findings when restricting the population to
those without cancer and UTMB only (where both center effects and differences in DNA
extraction would not be a concern). We found that results were robust and that extraneous var-
iability in LTL appeared to be removed with adjustment for relevant population and laboratory

Effect of Laboratory Methods, Race & Psychosocial Factors on Telomeres

PLOS ONE | DOI:10.1371/journal.pone.0146723 January 11, 2016 11 / 17



methods. This consistency across study populations suggests that consistent associations could
be realized with proper adjustments, while our crude analyses suggest that associations could
be missed without accounting for potential sources of bias.

We also evaluated the choice of outcome measure (i.e., log-transformed LTL or Z-score).
Most multicenter studies of LTL report log-transformed LTL (S1 Table). However, Z-scores
standardize telomeres based on sample distributions and may be more appropriate in instances
where the distribution of LTL greatly differs by center or when confounders or model adjust-
ment variables differ by center. Although the magnitude of effects appear different (and often
higher with Z-score), they are not comparable. This is because the data transformation associ-
ated with each of these measures lends itself to different interpretations. For instance, log-
transformed LTL describes changes in log-transformed LTL and Z-score describes changes in
LTL standard deviations. Nevertheless, patterns of association between LTL and race/ethnicity
and psychosocial factors were similar regardless of which telomere outcome measure (log-
transformed LTL or Z-score) was used.

To our knowledge, this is the first study to evaluate the main effects of race/ethnicity and
psychosocial factors on LTL, as well as the effect of race/ethnicity on the relationship between
socioeconomic and psychosocial factors and LTL. It is also the first study to more comprehen-
sively investigate the collective effect of laboratory procedures, study population characteristics,
and statistical measures on reported LTL associations. We found significant associations
between LTL and race/ethnicity, longer LTL and low levels of education, and shorter LTL and
higher levels of perceived stress. Associations between high levels of perceived stress and
shorter LTL have been reported(5). We are only the second study to report that both African
Americans and Hispanics have longer LTLs than Non-Hispanic Whites(4). Having less than a
high school education was associated with longer LTL, which is an association not typically
reported in literature(5)[25]. When stratifying the analysis by race, there was a suggested asso-
ciation between longer LTL and less than a high school education for Hispanics, and a signifi-
cant association between shorter LTL and having a high school education for African
Americans, where greater than a high school education was the reference group. Thus, the
racial, ethnic and educational composition of our sample (including a large number of Hispan-
ics with low education) may have affected our education findings. Studies have found correla-
tions with socioeconomic status (SES) related to education and income, and race, namely lower
SES conditions are associated with African Americans[61]. Being Hispanic is also associated
with lower levels of education in literature, as well as improved mortality rates compared to
African Americans[61], referred to as the Hispanic paradox[62–64]. Given that shorter LTL is
believed to be related to mortality[4], racial composition appears to be an important consider-
ation in LTL studies.

Our study had some limitations. This was a cross-sectional investigation, limiting us to
studying variables that were common to all 3 centers. For instance, duration and severity of
depression and perceived stress are more consistently associated with shorter LTL[65], and
LTL is likely to shorten over time(1). Stratified analyses by race yielded small samples, particu-
larly for African Americans, but findings suggest studies focused on telomere biology by race/
ethnicity are warranted. Like most LTL association studies, differences in mean LTL could be
influenced by the proportions of different kinds of leukocytes[66]. The average LTL in any
given study is considered to be a general average of all the LTLs across all chromosomes and
blood leukocytes. Although it is unclear whether differential cell counts are affected by race/
ethnicity in a way that would explain the patterns we observed, one previous study found no
association between leukocyte type and LTL in African Americans or Non-Hispanic Whites
[67].
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The large multi-ethnic and multicenter composition of our study allowed for more in depth
analysis of the effects of laboratory and statistical approaches on telomere length associations.
Our study demonstrated that with proper evaluation and adjustment of center and laboratory
effects, combining data from multiple centers, with different laboratory approaches and popu-
lation characteristics, can be a powerful and valid approach for assessing LTL associations. In
addition, evaluating methodological effects, similar to what we have done here, within and
across LTL studies may help resolve inconsistent reports of LTL associations. Our data provide
evidence of an association between Hispanics and African Americans and longer LTLs, as well
as potential relationships between educational level, perceived stress and LTL for certain racial/
ethnic sub-groups. Further study into the effects of socioeconomic and psychosocial factors on
LTL by race/ethnicity could have implications for research involving health disparities and dis-
ease outcomes.
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