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Abstract

Background

Telomere length (TL) in peripheral blood mononuclear cells (PBMC) from fresh venous

blood is increasingly used to estimate molecular impacts of accumulated social adversity on

population health. Sometimes, TL extracted from saliva or dried blood spots (DBS) are

substituted as less invasive and more scalable specimen collection methods; yet, are they

interchangeable with fresh blood? Studies find TL is correlated across tissues, but have not

addressed the critical question for social epidemiological applications: Do different speci-

men types show the same association between TL and social constructs?

Methods

We integrate expertise in social epidemiology, molecular biology, and the statistical impact

of measurement error on parameter estimates. Recruiting a diverse sample of 132 Metro-

Detroit women, we measure TL for each woman from fresh blood PBMC, DBS, and saliva.

Using regression methods, we estimate associations between social characteristics and TL,

comparing estimates across specimen types for each woman.

Results

Associations between TL and social characteristics vary by specimen type collected from

the same woman, sometimes qualitatively altering estimates of the magnitude or direction of

a theorized relationship. Being Black is associated with shorter TL in PBMC, but longer TL in

saliva or DBS. Education is positively associated with TL in fresh blood, but negatively asso-

ciated with TL using DBS.
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Conclusion

Findings raise concerns about the use of TL measures derived from different tissues in

social epidemiological research. Investigators need to consider the possibility that associa-

tions between social variables and TL may be systematically related to specimen type,

rather than be valid indicators of socially-patterned biopsychosocial processes.

Introduction

Telomeres, the protein and DNA caps on chromosomes, shorten with cell division until a

point at which cellular senescence, death, or mutation results. As such, the average length of

telomeres reflects the replicative history of the analyzed cell lineages [1]. A growing number of

investigators across scientific fields have theorized and begun to empirically study the role of

telomeres in health and aging, either in terms of explicating their properties as functional

mechanisms of disease and aging, or as “sentinels” for environmental exposures, psychosocial

stressors and resultant population inequities in health over the life course [2–4]. Investigators

interested in the latter use, interpret TL as a proxy for the physiologic impacts of accumulated

life experience or weathering [4–11]. Evidence that TL may be an indicator of stress-mediated

biological aging comes from several sources [3, 5, 12–16]. TL is not a direct marker of stress;

however, increased cellular division—perhaps due to inflammation or immune activation, or

stress-induced repression of stem cell telomerase activity—can accentuate the loss of telomere

sequence. In the social epidemiological context, TL may be of predictive value, whether or not

functional mechanisms are perfectly specified.

While telomere length varies across tissues, measuring TL via leukocyte-derived DNA

extracted from fresh venous blood (i.e., peripheral blood mononuclear or PBMC) samples

constitutes a widely accepted approach in studies of biopsychosocial stressors and health. TL

measured from PBMC samples (as well as whole venous blood) has been commonly linked to

morbidity and mortality in the human literature [17–20]. It is also possible that PBMCs, by vir-

tue of representing a population of immune cells, provide a sharper and more responsive indi-

cator of stress-related chronic inflammation and exposure to infectious disease than

alternatives. However, the process of measuring TL PBMCs extracted by fresh venous blood is

expensive, time-consuming, invasive, and requires specialized clinical expertise, lab equip-

ment, and handling at the collection site. Consequently, it is inaccessible in remote areas, can

adversely affect the recruitment and retention of hard-to-reach or mistrustful research partici-

pants; as well as being costly for studies of large populations, hampering variation in social

experience reflected in or the representativeness of samples. This can pose a major logistical

problem for observational studies of population health and aging inequity, which require

diverse samples that include the most marginalized members of society [21].

Increasingly, investigators examining TL in large, population-based studies have turned to

measurement of telomere length in DNA derived from saliva or buccal swabs [22–26] and

some researchers have begun to include telomere data drawn from finger-prick dried blood

spots (DBS) [27–29]. These approaches are seen as minimally invasive, scalable, and less

expensive alternatives to venous blood that could be used widely in social epidemiologic and

population health studies, including in hard-to-reach populations. However, as outlined below

for each, respectively, using TL measures derived from DNA extracted from saliva or DBS in

population-level studies could be questioned.
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While there is no a priori basis to prefer one sample type over the other, the cellular compo-

sition of saliva and peripheral blood differs, and some of these cellular constituents offer

diverging replicative histories. Therefore, there is reason to expect that the TL of saliva and

blood-derived samples may diverge, and that the extent of divergence may vary in any particu-

lar individual due to changes in cellular composition, environment, or health status. Of great-

est importance, if this divergence were systematically related to factors central to social

research, such as measures of structured life stressors, socioeconomic position, or ethnic/racial

identity, this would represent a serious challenge to using TL from saliva to measure socially

patterned group differences in biological health and aging.

DBS has been used for newborn screening and has, over the last two decades, been

adapted to a wide range of metabolic, immunologic, and genetic disorders in newborns

and is sometimes stored in big data sets [30–32]. While drawing on the same tissue

(blood) as using venous collection techniques, as with saliva, there is still reason to be

skeptical of the use of DBS for measuring TL given the limitations of DBS technology,

including the use of filter paper that is neither optimized to support DNA samples nor

optimized for long-term storage. This is compounded by the diverse, and often adverse,

storage conditions of DBS.

Previous studies comparing TL in matching DBS or saliva and venous whole blood have

found that while correlative, the mean TL differs [28, 29, 33, 34]. A recent study examining rel-

ative TL correlation between 41 tissue pairs of samples including more than 20 tissue types;

with each an average of seven different tissue TL measurements per donor, showed general

positive correlations which differed in different tissues [35]. As expected, the highest correla-

tion was between tissue pairs from the same organ (e.g. sigmoid and transverse colon) followed

by higher correlation between tissues having common development origins (thyroid and brain

cerebellum; mesodermal and ectodermal origin; or endodermal origin). Age, BMI, age-related

chronic disease status, smoking status, and rare, loss of function variants in telomere mainte-

nance genes were negatively associated with TL and African ancestry was associated with lon-

ger TL compared with European ancestry across non-reproductive tissue types in this select

donor sample [35]. Interestingly, higher correlation between tissue types was observed

between individuals with smoking history compared with never-smokers [35], although the

authors did not provide an explanation; however, smoking has been previously associated with

shorter telomeres [36]. That finding may be of relevance to this study, since smoking preva-

lence is socially patterned and, thus, likely to reference unobserved social characteristics as

well as the direct impact of smoking, itself.

The fact that TL measures taken from different specimens are correlated is insufficient to

deem them interchangeable substitutes in studies of population health inequity. A theoretical

precondition for using TL measures derived from different specimens in studies intended to

describe and test relationships between social conditions and health outcomes is that associa-

tions based on various TL measures reflect these social conditions in similar ways. For exam-

ple, if using TL as an indicator of whether systemic racism subjects US Black people to greater

physiological wear and tear at earlier ages than US White people, it would be essential that

investigators would arrive at the same answer on whether Black people of the same chronologi-

cal age have shorter or longer TL than White people without regard to specimen type (e.g.,

blood or saliva) or method of obtaining the specimen (e.g., venous blood draw or finger prick

blood spot). Differences in cellular replication rates across tissues are well described and are

both intrinsic to a tissue and may also reflect environmental inputs [35]. This suggests that dif-

fering average TL across tissues could, in part, reflect environmental or ancestry inputs that

vary by unobserved factors associated with structured differences in lived experience [5]. This

study considers this critical question.
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The primary question is whether the error introduced when using a given measure of TL as

an indicator of socially triggered biopsychosocial effects is systematic with respect to popula-

tions of interest. For example, one might be interested in estimating racial/ethnic or socioeco-

nomic differences in biological age (conditional on chronological age) using measured TL as

the indicator of biological age, where “biological age” is a construct used to denote a variety of

adverse physiological effects often associated with aging. If the error is systematic with respect

to race or socioeconomic position, the estimates using TL could, systematically over- or

under- estimate actual differences in biological age.

Since “biological age” is a construct, we cannot directly test for such systematic differences

—i.e., there is no gold standard for biological age. However, we can test to see whether there is

evidence of systematic differences that vary by specimen type. If measured TL is a valid indica-

tor of biological age, and if this is equally true independent of the specimen types used to mea-

sure TL, then we would expect TL differences between groups to be similar independent of

specimen type used.

If there is a systematic error, then whether the population differences in TL were estimated

from saliva, DBS, or venous blood would be of consequence. Specimen choice could poten-

tially lead to differing conclusions about whether, in which direction, and of what magnitude

TL of various populations differ depending on the tissue and technology used. If the measure-

ment error is random with respect to population group, however, then inferences of popula-

tion differences in TL based on saliva or DBS would be valid. By validating the use in

population-level studies of TL measures derived from saliva or DBS compared to fresh blood,

we hope to inform interpretation of existing studies using DBS or saliva collections and evalu-

ate saliva or DBS as potential alternatives to venous blood collection for future studies.

Methods

We recruited a total of 132 non-Hispanic Black, non-Hispanic White, and Mexican-descent

Michigan women residents from high-poverty areas of Detroit and a more affluent area out-

side of Detroit, Ann Arbor, MI, ages 25–49. TL was measured in DNA from three distinct

specimen types from each woman: fresh blood (PBMC), dried blood spot (DBS), and saliva,

collected during the same study appointment. We were able to analyze a convenience sample

because our primary scientific question is whether within-woman TL differences found in

fresh blood cells compared to DBS or to saliva are systematic or random with respect to age,

race/ethnicity, education, or residential area − and not whether there are racial/ethnic or other

differences in TL, per se. Theoretically, if telomere length is an indicator of a woman’s biologi-

cal age relative to another woman, contrasts should be independent of the tissue type used

whether or not the women being chosen are a random sample of a larger universe.

The research protocol was approved by the University of Michigan Institutional Review

Board. Details of the recruitment and specimen collection methods are provided in the S1

Appendix. In brief, Detroit, MI participants were recruited through paper flyers we distributed

across the city (bus stops, beauty shops, laundromats, grocery markets, apartment complexes)

and at community events (swap meets, community yard sales, sports events and concerts, and

summer festivals), as well as on social media (e.g., Facebook community groups and non-profit

organization sites specific to Detroit). The flyer, written in both English and Spanish, described

the study and listed a telephone number for more information. We recruited participants from

the Ann Arbor, MI area using a university-administered website, UM Clinical Studies, which

connects potential volunteers with researchers. Additionally, we posted flyers across campus

inviting eligible women to contact our study personnel for further information.
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When potential participants called for more information, our project staff described the

study purpose and protocol, completed a standardized screener brief intake to assess partici-

pant eligibility, answered questions and then scheduled an appointment if they agreed to par-

ticipate in the study. Participants chose whether they preferred to have the data collection visit

conducted in English or Spanish and, in Detroit, whether they preferred to have their speci-

mens collected through a home visit or at the University of Michigan Detroit Center, a UM

building in Detroit that accommodates research projects and outreach initiatives. Data collec-

tion in Ann Arbor occurred in a private room at the University of Michigan Institute for Social

Research.

Three ethnically diverse teams obtained written informed consent and collected the data.

Each team included a team leader, their assistant, and a phlebotomist; each team included a

native Spanish speaker. The teams were led by a Mexican-descent woman, an African Ameri-

can woman, and an Arab-American woman, representing the three major racial/ethnic groups

in Detroit. The phlebotomists were current Detroit residents, a Black male, a Black female, and

a White female.

All specimens were prepared for shipment in the same UM lab and by the same technician;

after shipment all were analyzed in the same lab at Princeton University. See S1 Appendix for

full details of telomere measurement. We note here that batch effects can be an important

source of bias [37]. Batch effects can occur when groups of samples are measured under differ-

ent conditions as when a large collection of samples is measured over several days in different

tranches. To minimize batch effects when measuring telomere length in this study, all samples

from the same individual were included on the same qPCR run. Standard (serial dilutions of

double stranded oligonucleotides), primers and control DNA templates (genomic DNA sam-

ples included in every run) were diluted to appropriate concentrations in sufficient quantities

for the entire project, aliquoted for single use and stored at -80˚C. The same lot of Quantitect

SybrGreen PCR kit (Qiagen, Hilden Germany), was used for the entire project. Upon thawing,

the SybrGreen was aliquoted for single use and stored at -20˚C in the dark. In addition, each

PCR plate contained several control samples that were replicated across all plates. This allowed

for detection and adjustment of residual plate-to-plate measurement differences. To minimize

residual bias introduced by batch effects, the values were adjusted (“normalized”) by a term

derived from the concurrently measured telomere mass or 36B4 mass of repeat samples intro-

duced into each PCR plate [38].

Statistical analysis

Telomere and 36B4 quantities were interpolated from the standard curve generated from the

reference fragments of known length. All samples were divided into three technical replicates,

randomly distributed in the plate, and averaged in the following formula:

lnðTLÞ ¼ ½ðAvg: lnðTel qtyÞ � lnðTel normalization factorÞÞ� � ½ðAvg: lnð36B4 QtyÞÞ
� lnð36B4 normalization factorÞÞ� � lnð92Þ ð1Þ

Note that (1) represents ln(TL) as linear in terms. This turns out to be useful from the point of

view of our statistical analysis. The standard formulation would have used:

lnð½ðAvg: Tel Qty=Tel normalization factorÞ = ðAvg: 36B4 Quantity=36B4 normalization factorÞ� =92Þ ½26; 33�; ð2Þ

rather than the expression in (1), which is not linear in terms. In our samples the correlation

between quantity (1) and (2) is very high (above 0.999) and, not surprisingly, using (1) rather

than (2) has negligible effects on our results. Both expressions relate the detected mass of
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telomeric DNA to the mass of another gene (36B4), which has been shown to be a stable refer-

ence gene.

We first compared the distribution of ln(TL) derived from the three specimens. We com-

pared means and standard deviations, and examined the correlations of ln(TL) derived from

the three specimens. As discussed above, much of the interest in TL involves using measured

TL as an indicator of what has been termed, “biological age.” What researchers are typically

interested in is the association between biological age (conditional on chronological age) and

various aspects of individuals’ socially structured experience. Thus, for example, researchers

have been interested in the effects of stress on telomere length [13, 19] in the association

between race and telomere length [5], and in the effect of early disadvantage on telomere

length [33]. Thinking of measured TL as a proxy for biological age, researchers run regressions

of the form:

lnðTLÞ ¼ X0βþ m; ð3Þ

where X includes both variables of particular interest and controls. While we cannot directly

test the validity of measured ln(TL) as a proxy for biological age, we can compare estimates of

β across specimen types. If measured ln(TL) is a valid measure of biological age for all speci-

men types then estimates of β should not vary significantly across specimen types. If, on the

other hand, estimates of β vary significantly, this calls into question this assumption. A formal-

ized version of this argument can be found in the S1 Appendix.

With this framework in mind, we regressed our ln(TL) measures on the age of our respon-

dents, dummies representing their race and ethnicity, their educational attainment and a loca-

tion dummy (Ann Arbor vs Detroit). We collected measures on these because we expect such

factors to have an independent correlation with biological age and to be well measured. Since

our samples are convenience samples and do not follow individuals over time, one cannot

interpret the coefficients as reflecting cross group differences for anything but this sample.

However, if TL measures based on the different tissues are all valid measures of biological age

we would expect the association between age, race, place or education and TL to be the same

across these different specimens within the precision of the assay.

Results

Table 1 lists the sample’s demographic characteristics. Table 2 shows the number of usable TL

measures by specimen type. Of our DBS samples, 33 had insufficient DNA to analyze. Table 3

compares characteristics of the samples where we were and were not able to calculate TL based

on the DBS data. Those with missing TL measures based on DBS were more likely to be from

Table 1. Characteristics of Ann Arbor and Detroit participants.

Share

Ann Arbor Detroit

Non-Hispanic White 0.41 0.35

Non-Hispanic Black 0.35 0.32

Hispanic 0.25 0.34

High School Graduate� 0.99 0.83

College Graduate 0.78 0.22

Age 35+ 0.62 0.41

N 69 63

Note: Share high school graduates exclusive of college graduates

https://doi.org/10.1371/journal.pone.0255237.t001

PLOS ONE Measuring telomere length in health equity research

PLOS ONE | https://doi.org/10.1371/journal.pone.0255237 August 18, 2021 6 / 14

https://doi.org/10.1371/journal.pone.0255237.t001
https://doi.org/10.1371/journal.pone.0255237


Ann Arbor, to be white and to have a college education. Conditional on covariates, we found

no evidence of differences in ln (TL) between the samples with and without usable DBS data.

There is no reason to believe that the fact that DBS was missing for a third of the overall sample

invalidates the within woman comparisons in existing sample.

Table 4 reports means and standard deviations for ln(TL) for each specimen type as mea-

sured above, together with the correlations across the measures for the two samples. To aid in

the interpretation of these numbers we report both mean ln(TL) and exp[mean ln(TL)]. Mea-

sured average ln(TL) is somewhat larger based on the fresh blood specimens than it is using

the saliva specimens, though the difference is small and statistically insignificant. In the sample

that includes the DBS specimens, average ln(TL) based on the DBS specimen is somewhat

larger than is average ln(TL) based on the fresh blood specimens. The variance ln(TL) also

fluctuates a bit across the specimens, though, again, the observed differences are not statisti-

cally significant. All three sample types provided average TL that are appropriate for individu-

als in the age range of 25–49 years (for PBMC, 7.31 kb).

How highly correlated are our ln(TL) measures drawn from different specimen types?

Looking back at Table 4 we see the correlation between ln(TL) measured using the fresh blood

and saliva specimens tends to be around 0.60, while that between ln(TL) measured using the

dried blood spot specimen and the fresh blood or saliva samples is a bit lower (0.57 and 0.52,

respectively). Fig 1A and 1B graphically depict the association between ln(TL) measured in

various specimens and ln(TL) measured using the fresh blood sample.

In Table 5 we report results from ordinary least squares regressions of the ln(TL) measures

on age, race/ethnicity, education and location dummies by specimen type drawn from the

same woman. Race and ethnicity, educational attainment and location were all defined in

terms of exclusive categories with white, high school dropout and Ann Arbor representing the

Table 2. Number of valid TL measures by specimen Type.

Sample

Number of Measures With DBS available Full Sample

PBMC Saliva DBS PBMC Saliva

2 28 20 21 37 26

3 71 79 78 95 106

Total 99 99 99 132 132

https://doi.org/10.1371/journal.pone.0255237.t002

Table 3. Comparing samples with and without DBS data.

Sample

With DBS Available Full Sample

Share Share

Detroit 0.55 0.48

Non-Hispanic White 0.33 0.38

Non-Hispanic Black 0.33 0.33

Hispanic 0.34 0.29

High School Graduate� 0.41 0.39

College Graduate 0.47 0.51

Age 35+ 0.53 0.51

N 99 132

Note: Share high school graduates exclusive of college graduates

https://doi.org/10.1371/journal.pone.0255237.t003
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left out categories. Age was defined linearly in terms of single year of age divided by 10. Using

age/10 rather than age simply rescaled the estimated coefficient.

In the left panels of the table, we show coefficient estimates comparing results using alterna-

tively the PBMC and saliva measures of TL using the full sample (N = 132). In the right-hand

panels, we report comparisons between coefficients using the PBMC, Saliva and DBS measures

using the smaller sample (N = 99) that includes TL measures derived from DBS. Note that

because different samples are used, the point estimates using the PBMC and saliva measures

vary a bit between the two samples. In columns (3), (6) and (8) we report the differences

between results based on the Saliva and DBS specimens vs the PBMC specimens. Thus, for

example, the first estimate in the column, 0.067 equals 0.016 minus -0.051, the coefficient esti-

mates reported in column 2 and 1 respectively. Statistical tests of the differences between the

coefficients reported in columns (1) and (2), columns (4) and (5) and columns (7) and (8)

amounts to a test of the joint statistical significance of the coefficients in columns (3), (6) and

(8). P-values for these tests are reported at the bottom of the table.

We are primarily interested in whether estimated coefficients differ by specimen type.

Depending on the samples, we can reject the equality of coefficients between the PBMC and

Saliva tissues at the 0.004 or the 0.086 levels of significance and between the PBMC and the

DBS tissues at the 0.012 level of significance. Looking at the estimated coefficient, we see the

difference between the estimated effect of either age or being Black on our measures of ln(TL)

varies significantly between the two different specimen types, including in the direction of the

association. For example, using PBMC to measure TL, we find being Black is associated with

Table 4. Mean, standard deviations, and correlations of ln(TL) by specimen type.

Exponentiated Mean TL Correlations

Sample Specimen Mean Std Dev PBMC Saliva DBS

Full Sample PBMC 7.36 2.00 0.22 1.00

Saliva 6.48 1.87 0.21 0.59 1.00

Sample with DBS Available PBMC 7.28 1.99 0.23 1.00

Saliva 6.48 1.87 0.21 0.62 1.00

DBS 7.85 2.06 0.26 0.57 0.52 1.00

https://doi.org/10.1371/journal.pone.0255237.t004

Fig 1. a. Salivary Telomere Length vs. PBMC Telomere Length. b. DBS Telomere Length v. PBMC Telomere Length.

https://doi.org/10.1371/journal.pone.0255237.g001
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shorter TL; while using saliva to measure TL, being Black is associated with longer TL in the

same sample of the same women. Turning to DBS, we find, once again, that analyses involving

PBMC specimens suggest Black people have shorter telomeres, while analyses involving DBS

specimens suggest Black people have longer telomeres in the same sample. In the comparisons

with DBS, we also find that the associations between education variables and TL go in different

directions depending on specimen type. One would infer that education was positively associ-

ated with TL using PBMC, but that it was negatively associated with TL using DBS in the same

sample.

The S1 Appendix includes results from analysis of samples in which we deleted observa-

tions with Cook’s D above 1 from the analysis. Our results are not sensitive to the deletion of

outliers from our samples. The deletion of such observations does not qualitatively change our

conclusion and, if anything, increases our confidence in the statistical significance of the differ-

ences between estimated coefficients.

Discussion

If population researchers are to use TL measures based on saliva or DBS samples, we would

hope that TL measures based on such specimens would be correlated with measures based on

fresh blood samples, and would show similar contrasts between different population groups.

In this sample the association between age and TL was stronger when we used fresh blood

than when we used the other specimens (saliva or DBS), and the association between being

Black (relative to White) and TL reversed sign depending on the specimen type used. Overall,

study results suggest that what a researcher might conclude about differences in telomere

length across age, racial/ethnic or educational groups could vary depending on specimen type,

sample collection, processing, and storage methods.

As noted earlier, different tissues and their associated cell lineages have dissimilar replica-

tion histories that are both intrinsic to a tissue and may reflect environmental inputs [35].

These could result in differing average telomere lengths across tissues, differences that could

vary with age or other characteristics of individuals. While this interpretation might account

Table 5. The estimated effect of age, location, race, and education on ln(TL) by specimen type.

Full Sample Sample with DBS Available

1 2 3 4 5 6 7 8

Dep.Variable PBMC Saliva Saliva-PBMC PBMC Saliva Saliva-PBMC DBS DBS-PBMC

Age/10 -0.051 0.016 0.067 -0.069 -0.031 0.038 -0.045 0.023

(0.026) (0.026) (0.022) (0.031) (0.029) (0.028) (0.043) (0.036)

Detroit 0.067 0.031 0.036 0.089 0.029 0.060 0.109 -0.020

(0.048) (0.043) (0.042) (0.055) (0.053) (0.048) (0.074) (0.061)

Black -0.031 0.071 0.102 -0.028 0.076 0.104 0.064 0.092

(0.049) (0.044) (0.040) (0.056) (0.054) (0.047) (0.067) (0.056)

Hispanic -0.022 -0.002 0.020 0.025 0.026 0.001 0.044 0.019

(0.043) (0.044) (0.039) (0.050) (0.052) (0.045) (0.067) (0.056)

High School 0.045 0.044 -0.001 0.066 0.06 -0.006 -0.137 -0.203

Graduate (0.061) (0.073) (0.049) (0.058) (0.073) (0.053) (0.080) (0.059)

College Graduate 0.067 0.057 -0.011 0.116 0.074 -0.042 -0.018 -0.134

(0.063) (0.076) (0.053) (0.060) (0.78) (0.056) (0.081) (0.064)

Joint Test# 0.004 0.086 0.012

Robust standard errors reported in parenthesis [39]. # P-value for joint significance of the coefficients reported in column (3), (6) and (8).

https://doi.org/10.1371/journal.pone.0255237.t005
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for the observed differences, the practical implication of our results remains the same: social

epidemiological researchers using TL as an indicator of biological age might come to qualita-

tively different conclusions depending on whether the measures were derived from fresh

blood, dried blood or saliva.

It should not be a surprise that the correlation between ln(TL) measured using fresh blood

versus saliva is< 1 because the DNA in cells from different tissues will have different replicative

histories even in the same woman; however, the fact that the correlation between ln(TL) mea-

sured using venous blood and DBS from the same blood is< 1 and lower than the correlation

between venous blood and saliva is of concern and indicates that more research is necessary to

define factors that affect the accuracy of TL measurements in DBS. The need for this research is

more salient when investigators consider the use of lengthy storage of DBS, for example from a

newborn testing program, rather than recently prepared DBS as used in this study, since the

effect of storage condition is likely to be important and as yet not well characterized.

Limitations and robustness check

By using women as their own controls and by measuring TL in different specimens for the

same woman in the same batch, in the same lab, we were able to reduce important confounds

in telomere length measurement and increase the efficiency of our sample. Our reliability esti-

mates were 0.98 showing great consistency in measurement by the lab (see S1 Appendix for

details). There are also questions in the literature about whether results from different labs or

using different procedures can be compared; this study does not speak to those questions.

The belief that any individual can draw finger prick blood spots for TL measurement is a

presumed practical benefit of using DBS over venous blood where a trained phlebotomist is

needed. Yet, a sizeable share of our DBS specimens had insufficient DNA for telomere mea-

surement. This suggests the critical importance of collecting an ample blood spot from each

research participant. For us, the loss of a portion of DBS sample decreased sample size for

comparisons of TL measured from DBS to other specimens. Since our study focused within-

woman, the loss of DBS sample did not invalidate the study conclusions. However, for the

more typical study of population differences in TL, if the investigator were relying on DBS

alone to measure TL, loss of a sizeable portion of the sample would raise questions about the

representativeness of the remaining sample and the generalizability of conclusions drawn.

This suggests that it will be essential to assure adequate sample size when estimating DNA

from DBS and may be a limitation of using DBS in population health equity studies.

The saliva was purified using a salting out method, whereas the venous PBMC and finger-

pricked DBS samples were purified using PureLink kits, which use a silica-based column. The

methods used were chosen based upon popular purification methods for each sample type.

Using different DNA extraction methods can be a confounder of accurate TL measurements

[40–43]. Notably, even though the PureLink kit was used for both the PBMC and DBS samples,

preprocessing of the DBS prior to addition to the column differs from that of the PBMC due to

the inherent differences between the samples. While ours is the first study to compare these

particular methods of purification with respect to absolute TL, previous studies have not

shown a difference in relative TL between genomic DNA isolated from whole blood using a

high salt extraction method [44] and the PureLink Kit [42]. Our results are consistent with

findings of longer TL in finger-prick DBS samples compared with venous blood and longer TL

in PBMC samples compared with Oragene saliva [34]. These findings contradict others [28],

thus further replication by other labs is warranted.

Another potential bench concern may be that specific anticoagulant employed, heparin, has

been shown in some studies to affect qPCR reactions [45], and so may add noise to our TL
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measurements. As a robustness check, we found that heparinase pretreatment of our purified

DNA did not result in increased TL, although heparinase pretreatment did restore TL in other

heparin-treated samples prepared in the laboratory. Thus, we confirmed experimentally that

the TL measurements in these samples were not affected by the use of heparin as the anticoag-

ulant. Details and results of this experiment are provided in the S1 Appendix.

Summary and conclusion

We undertook a primary data collection effort where we prioritized including racially diverse

sample members including those residing in disinvested high poverty areas because of our

interest in applying lessons learned to population health equity research in hard-to-reach pop-

ulations, where the logistical practicalities of collecting DBS or saliva might outweigh any

greater confidence one might have in fresh venous blood samples. Study findings should be

replicated in other samples. However, we find evidence that the magnitude and sign of the

association between TL and age, race, and education varies according to specimen type from

the same woman. These findings raise significant concerns about the uncritical use of TL mea-

sures derived from diverse sources such as blood PBMC, saliva or dried blood in health equity

research without further intensive research to determine the sources of variation and their

effects.

The promise of including TL variables in health equity research lies in their potential to

identify the biopsychosocial pathways through which social inequity impacts population

health. Yet, social research enlisting biological variables is historically fraught. Understanding

what such variables measure and the realm of appropriate interpretations of their associations

with social variables requires care. This suggests the importance of truly collaborative research

partnerships between biological and social science researchers when addressing questions of

possible molecular pathways related to population health equity, including arriving at concep-

tual clarity regarding the biopsychosocial hypotheses being tested and the statistical impact of

measurement error that may be relevant to assess [46]. Knowing only that TL is correlated

across tissues is insufficient.

Based on our findings we would caution investigators and consumers of the extant litera-

ture measuring TL using DBS or saliva to be appropriately qualified in their conclusions rela-

tive to studies using fresh blood. In addition, more basic research needs to be done to facilitate

our understanding of how saliva and blood-based measurement of TL should be reconciled.

Our findings underscore the need for researchers estimating differences in TL across socially

salient population groups—whatever specimen or data collection method used–to be exceed-

ingly cautious when making post hoc interpretations of differences found–for example between

racial/ethnic or socioeconomic groups–as these may be systematically related to specimen

type, rather than be valid indicators of biopsychosocial processes.
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