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Abstract
We hypothesize that black women experience accelerated biological aging in response to repeated
or prolonged adaptation to subjective and objective stressors. Drawing on stress physiology and
ethnographic, social science, and public health literature, we lay out the rationale for this hypothesis.
We also perform a first population-based test of its plausibility, focusing on telomere length, a
biomeasure of aging that may be shortened by stressors. Analyzing data from the Study of Women's
Health Across the Nation (SWAN), we estimate that at ages 49–55, black women are 7.5 years
biologically “older” than white women. Indicators of perceived stress and poverty account for 27%
of this difference. Data limitations preclude assessing objective stressors and also result in imprecise
estimates, limiting our ability to draw firm inferences. Further investigation of black-white
differences in telomere length using large-population-based samples of broad age range and with
detailed measures of environmental stressors is merited.
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Despite overall gains in active life expectancy and efforts to reduce health disparities in the
United States, black-white and socioeconomic inequalities in life expectancy and the
prevalence of chronic disease persist (Flegal et al. 2002; Geronimus et al. 1996; Levine et al.
2001; Mokdad et al. 2001; Wong et al. 2002). These health disadvantages are severe among
African Americans. More troubling still, some evidence suggests that black health
disadvantages worsened after the early 1990s, especially among women. In some high-poverty
localities, excess mortality rates increased among black women residents between 1990 and
2000, largely due to deaths attributed to chronic disease (Geronimus et al. 2008). Yet another
example, estimates using data from the National Health and Nutrition Examination Surveys
III (1988–1991) and IV (1999–2002) show that hypertension prevalence rates grew in
nonelderly black adults nationwide between the two survey waves, both absolutely and relative
to whites (Geronimus et al. 2007). The entrenchment and, in some cases, worsening of black
health disadvantages occurred across a wide range of health outcomes and during a period
when the reduction or elimination of health disparities was identified as a high-priority national
health objective. The clear failure to meet this objective suggests that future success may
require new conceptual models and deepening understandings of the sources and mechanisms
leading to health disparities.1

The age dimension of black-white health disadvantages may provide key insights. For example,
in the case cited above, black women in young through middle adulthood experienced the
steepest increase with age in the probability of being hypertensive, even net of excess obesity
rates among US black relative to white women. More broadly, the most pronounced differences
in health between US black and white women are seen in middle age, suggesting, at least
metaphorically, an accelerated aging process (Geronimus 2001). Geronimus hypothesized that
this age pattern of US black health disadvantage reflects a process of biological weathering
(Geronimus 1992, 2001). That is, US blacks may be biologically older than whites of the same
chronological age due to the cumulative impact of repeated exposure to and high-effort coping
with stressors.

Stress physiology (Sapolsky 1998; Selye 1956), including the concept of allostatic load, or that
overexposure to stress hormones can cause wear and tear on important body systems (McEwen
and Seeman 1999; Seeman et al. 1997), lends biological plausibility to the weathering
hypothesis. Our bodies are designed to respond to stressors through the cooperative effects of
the primary stress response systems—the sympathetic nervous system (SNS) and
hypothalamic-pituitary-adrenal (HPA) axis. An efficient response to an acute stressor involves
activation of the SNS to direct resources to the “fight-or-flight” systems. Increases in cortisol
from HPA activation may then serve to “reign in” the actions and damaging by-products of
SNS activation (Sapolsky et al. 2000). However, with exposure to chronic stress and repeated
activation of the stress response systems, these stress responses become inefficient, resulting
in an allostatic load on the body's systems (McEwen 1998). For example, continued SNS

1Excessive prevalence of stress-related diseases of aging among nonelderly black women calls for better understanding and reversal, per
se. In addition, life history theory suggests that local population health and life expectancy play a role in the development of life history
traits such as reproductive strategies and risk-taking behavior (Chisholm 1993, 1999; Wilson and Daly 1997). Chisholm (1993, 1999)
theorizes that the chronic risk and uncertainty suffered by adults of reproductive and working age who face chronic, multiple stressors
could compromise their ability to invest in or buffer their children from risk through the development of secure attachments, with
potentially lifelong implications. Stressful life experiences in childhood can also result in lifelong inefficiency in one's physiological
adaptation to stressors or in a conditioned predisposition to overreact to challenges to homeostasis, with adverse health implications
(McEwen 1998).
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activation with chronic stress coupled with HPA dysfunction in the form of the loss of cortisol's
anti-inflammatory effects would result in an increase in inflammation and oxidative stress. In
turn, inflammatory processes result in increased risk of cardiovascular, immune, and metabolic
dysfunction (Khansari et al. 2009). Through such mechanisms, allostatic load may then take a
toll throughout the body and contribute to the development or progression of a broad range of
clinical and preclinical pathological processes, including cardiovascular disease, obesity,
diabetes, susceptibility to infection, carcinogenesis, and accelerated aging.

Large literatures in sociology, economics, anthropology, and public health document that US
blacks are more likely to experience stressful situations, such as material hardship (Charles
and Guryan 2008; Mayer and Jencks 1988), interpersonal discrimination (Barnes et al. 2004;
Taylor and Turner 2002), structural discrimination in housing and employment (Charles and
Hurst 2002; Darity and Mason 1998; Holzer et al. 2005; Ondrich et al. 2003; Yinger 1998),
and multiple caregiving roles (Dilworth-Anderson et al. 2002; Hicks-Bartlett 2000; Lum
2005) than whites. Ambient stressors in residential or work environments—such as noise,
crowding, decaying housing, danger, or extremes of temperature; regular disruption of diurnal
rhythms; hunger; infection; or sustained cognitive or emotional engagement with stressful life
experiences—are further examples of stressors that can pose significant physiological
challenge and to which US blacks are disproportionately exposed, not only with greater
frequency but, plausibly, also with greater duration or intensity than whites (Almeida et al.
2005; Gee and Payne-Sturges 2004; Morello-Frosch and Lopez 2006; Oths et al. 2001; Steptoe
and Marmot 2006).

Indeed, researchers report black-white differences in the hypothesized stress-mediated
pathways to poor health, whereby black adults exhibit a blunted diurnal cortisol rhythm and
higher levels of general inflammation compared with white adults (Cohen et al. 2006;
Kalinowski et al. 2004; Khera et al. 2005). Geronimus et al. (2007) report that blacks have
higher mean allostatic load scores, a summary biological measure of stress-mediated wear and
tear on the body, than do whites at all ages, and the differential in scores increases with age.
Moreover, by age 30, black women exhibit greater risk of having high allostatic load scores
than black men or than white men or women. This risk gap increases through midlife and is
most severe among black women who are poor.

Stress-mediated health impacts may be felt especially by black women in poverty because they
often bear central responsibility for the social and economic survival of their families and
communities,2 and thus, perhaps, the wear and tear on biological systems of repeated adaptation
to related stressors (Burton and Whitfield 2003; Dilworth-Anderson and Rhoden 2000;
Geronimus et al. 2006; Jarrett and Burton 1999; Lancaster 1989; Mullings and Wali 2001;
Stack 1974; Stack and Burton 1993; Warren-Findlow 2006). For example, in their urban
ethnographic study on welfare, children, and families, Burton and Whitfield (2006) found that
most of the primary caregivers in their study led “highly challenging” lives and “could never
get a break.” Such unremitting stress can wear away at health. Recruited to the study as primary
caregivers of children, many were also the primary caregivers of their ailing or disabled
mothers. A significant number of their mothers died prematurely—by age 55—and of
cardiovascular disease, strokes, or cancer. This source of distress for adult daughters was also
a window into their own future. Among the primary caregivers in Burton and Whitfield's study,
60% suffered multiple morbidities, even though 83% of these women were younger than 39

2In the most recent decades, gendered aspects of US public sentiment on race may have severely limited black men's role in providing
social and economic security for their families, while raising expectations of black women, especially in high poverty populations. For
example, young, less-educated black men have experienced a long secular decline in employment rates, continuing even through the
labor market expansion of the 1990s (Holzer et al. 2005). At the same time, incarceration rates of young, less-educated black men soared
(Western 2006), dramatically disrupting their potential to contribute to family support, while “welfare to work” requirements heightened
the demands on black women (Geronimus and Thompson 2004; Jarrett and Burton 1999).
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years of age.3 As Burton and Whitfield observe of their study participants, those suffering from
multiple health problems often found just getting through each day a challenge.

Prolonged psychosocial or physical challenge to metabolic homeostasis contributes to poor
health outcomes and may also accelerate aging (McEwen and Seeman 1999; Sapolsky et al.
2000). Thus, the concept of weathering, related empirical findings showing the steepest age-
gradient increase in the probability of chronic disease onset to be among black women, and
ethnographic findings providing thick description of why this may be so raise the question of
whether US black women may experience accelerated biological aging.

Telomeres, Age, and Health
The possibility that black women weather to the degree that they experience accelerated
biological aging sets an ambitious research agenda requiring the identification of a measure of
biological aging and, ultimately, a well-specified set of measurable environmental, material,
and psychosocial stressors that have the potential to impact it, and can be studied across
populations of blacks and whites. In this paper we take a modest empirical first step toward
this end by considering a leading candidate biomeasure of aging—telomere length in a subset
of leukocytes called peripheral blood mononuclear cells (PBMC)—as a potentially appropriate
outcome variable for continued study.

Telomeres, the stabilizing caps on chromosomes, shorten with cell division until a certain point,
at which the chromosomes are no longer stable and the cell either dies or enters senescence
(Allsopp et al. 1992; Chan and Blackburn 2004). Research also indicates that, because breaks
in the DNA structure due to oxidative stress are not easily repaired in telomeres, oxidative
stress is an important mechanism by which telomeres are shortened (von Zglinicki 2002; von
Zglinicki et al. 2000).

Since oxidative stress is an important mechanism linking aging, psychosocial stress, biological
stress activation, inflammation, and disease development, PBMC telomeres may serve as a
powerful marker of overall biological, versus chronological, age (Bauer et al. 2009; Demissie
et al. 2006; Harrison et al. 2003; Khansari et al. 2009; Valdes et al. 2005). We propose that the
excess morbidity and mortality experienced by black relative to white adults stems
fundamentally from the persistent and multifactorial stressors—subjective and objective—
experienced by black adults. This stress leads to greater activation of the biological stress
processes, which in turn leads to a greater allostatic load and greater levels of inflammation
and oxidative stress. Early inflammatory processes and oxidative stress then contribute to the
black-white disparities in the development and progression of disease and subsequent
mortality, with PBMC telomere length marking this process. Because the wear and tear of
stress on the body accumulates over the lifespan, telomeres shorten with age and serve as an
indicator of the resultant aging- and stress-related increase in inflammation and oxidative stress
over the lifespan.

Research using samples of white adults provide support for our proposed mechanism linking
black-white disparities in stress, disease, and PBMC telomere length (Houben et al. 2008;
Sapolsky 2004). Telomere length is inversely related to age (Benetos et al. 2001; Iwama et al.
1998; Lindsey et al. 1991)—with growing research indicating that it is also inversely related

3For example, 30-year-old Francine was the primary caregiver of both her 6-year-old severely asthmatic son and her mother, who, during
the course of the ethnography, suffered a stroke, a heart attack, and underwent tumor surgery. Francine herself developed stomach cancer.
Yet, Burton and Whitfield note, “like many of the mothers in the ethnography, Francine endured tremendous physical pain, going to the
doctor only when the pain was unbearable and when she ‘didn't have other folks to take care of’” (2003:17). Another example was
Barbara, who at age 37 suffered from multiple chronic health problems, including diabetes, back injury, kidney problems, migraines,
hernias, depression, and anxiety. She was not unusual among the study participants.
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to stressful situations that have documented black-white disparities, such as high-demand
caregiving and low socioeconomic status (Cherkas et al. 2006; Epel et al. 2004). Furthermore,
research suggests that telomere length is also inversely related to stress biomarkers, including
cortisol, epinephrine, and norepinephrine (Epel et al. 2006). Finally, shorter telomeres have
been associated with many chronic diseases known to have marked black-white disparities
(Taylor 2001), such as hypertension (Aviv 2002; Demissie et al. 2006), atherosclerosis (Edo
and Andres 2005; Matthews et al. 2006), cirrhosis (Wiemann et al. 2002), and diabetes
(Adaikalakoteswari et al. 2005; Sampson et al. 2006), as well as mortality (Cawthon et al.
2003; Martin-Ruiz et al. 2006).

Researchers have reported no racial differences in telomere length at birth (Okuda et al.
2002). Although individual variation in telomere length has a strong genetic component
(Graakjaer et al. 2003), evidence that heritability of telomere length decreases with age in
adults, and findings of substantial telomere length differences between twins in the population-
based Swedish twin registry and from a study of British twins discordant on adult
socioeconomic position, suggest that social or environmental factors also can be important
contributors to adult telomere length (Bakaysa et al. 2007; Cherkas et al. 2006).

If PBMC telomere length marks the increase in oxidative stress due to biological stress
activation, and if weathering is produced by persistent high-effort coping with and physiologic
adaptation to stressors, then black adults would experience a faster rate of PBMC telomere
shortening through the lifespan, since they experience a greater accumulation of allostatic load.
Thus, we hypothesize that by middle age, black women have shorter average telomere length
than white women owing to a lifetime of repeated adaptation to material, psychosocial, and
environmental stressors posing significant challenge to homeostasis.

We note that we are forwarding a fundamentally different understanding and more unified
theory of black-white health disparities than more common ones that explain them by
socioeconomic differences alone, or interpret racial differences in health as expressions of
behavioral or genetic difference, or that focus on the epidemiology of a single disease outcome.
An enduring puzzle in social epidemiology is that race coefficients remain sizeable and
statistically significant, even after socioeconomic indicators are controlled (Schoendorf et al.
1992; Williams 1999). Indeed, while weathering appears marked for African Americans in
poverty, it is evident to varying degrees at all socioeconomic levels (Geronimus 2001). Since
US blacks across the socioeconomic spectrum engage with some degree of race-related stress
(Colen et al. 2006; Geronimus and Thompson 2004; Pearson 2008), we see our focus on stress
physiology as one way to explain these residual black-white differences, as well as suggestive
of possible mechanisms for that portion of the difference that is attributable to socioeconomic
characteristics.

Although unhealthy behaviors are more prevalent among the socioeconomically disadvantaged
(black or white), they do not fully explain disparities that persist net of socioeconomic
characteristics (Lantz et al. 1998). To the extent that unhealthy behaviors contribute to health
disparities, they can sometimes be coping responses to psychosocial or environmental stressors
(Bennett et al. 2005; Gil et al. 2004; Guthrie et al. 2002; Yen et al. 1999). Moreover, some
unhealthy behaviors may themselves reflect neuroendocrine effects (Brunner et al. 2007;
Dallman et al. 2003). For example, chronically high levels of glucocorticoids are thought to
increase compulsive activities and the appeal of drugs, sugar, and fats. Based on such action
of chronic stress hormone exposure, Dallman et al. (2003) propose that people facing chronic
stressors may compulsively turn to high-fat and sugar-laden or “comfort” foods in an attempt
to reduce anxiety and chronic stress-response activity. This may contribute to obesity, central
adiposity, and related diseases in populations facing chronic stress.4
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The argument that genetic difference accounts for the vast and growing disparities in health
between the socially constructed populations of “black” and “white” is difficult to sustain
(Cooper et al. 2003). Most would agree that environmental contributions are important
(Wallace 2001). Still, biological mechanisms must link social and environmental forces to
population health. Focusing on stress physiology and how, in a race-conscious society, it may
mediate the relationship between differential life experience of racial/ethnic groups and health
disparities may be a fruitful way to explicate key biological mechanisms that underlie racial
inequality in health and are socially structured.

Methods
Sample

For this initial test of the plausibility of our broader hypothesis and of the viability of telomere
length as a candidate outcome measure for further study, we report on black-white differences
in telomere length in a population-based sample of middle-aged women from the Study of
Women's Health Across the Nation (SWAN). SWAN is a multi-site, multi-ethnic, population-
based, observational cohort study designed to examine the health of women during their middle
years. Recruitment procedures and the study design have been described elsewhere (Sowers
et al. 2000). Briefly, at baseline (1996–1997), women were screened from defined sampling
frames at seven US sites. Women between 42 and 52 years of age at baseline, who reported
having had a menstrual period and no use of hormone therapy in the three months prior to
recruitment, were invited to participate in a longitudinal study of natural menopause. The
cohort participated in a baseline clinical examination and annual follow-up examinations.
Participants also completed an annual questionnaire that included select demographic,
economic, and psychometric characteristics. DNA samples from PBMCs were collected in
year 7, when the youngest sample members were 49 years of age, and immortalized for storage
in the SWAN specimen repository, applying an approach which maintains the integrity of the
genetic structure (Neitzel 1986; Wall et al. 1995). Retention at year 7 (2003–2004) was 77%
for blacks and 76% for whites.

We analyzed DNA samples on a randomly selected subsample of SWAN respondents who
were recruited from sites that included both blacks and whites. We also drew on data associated
with these samples, including race, age, study site, estradiol, perceived stress, income category,
smoking status, and waist-to-hip ratio (WHR).

Initially, our sample included 115 whites and 117 blacks aged 49 through 55 at year 7. After
excluding women who had missing information for key variables, our final sample size was
215 (105 white and 110 black). Chi-square and t-test analyses comparing differences between
the 215 women included and women omitted indicated that there were no statistically
significant differences in the distribution of perceived stress, income, or WHR variables. Black,
but not white, omitted women were more likely to ever have smoked than their included
counterparts, and those women who were omitted only because of missing estradiol
information were younger than those included (mean = 50.76; SE=1.44 v. mean = 52.00;
SE=1.91, respectively).

Variables
We measured telomere length by a ratio of telomere repeat copy number to a known single
copy gene (36B4). Laboratory personnel conducting the telomere length measurements were

4Unhealthy behaviors can also be enabled or facilitated by environmental triggers, such as ethnically targeted cigarette advertising or
the presence of many liquor stores and fast-food restaurants in central-city neighborhoods, whose residents also often lack spatial
accessibility to healthy diets (LaViest and Wallace 2002; Stoddard et al. 1998; Zenk et al. 2005, 2006).
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completely blinded to all known characteristics of the SWAN participants. We quantified DNA
using the ABI Quantifiler Human DNA Quantification Kit followed by analysis on the ABI
7500 Real-Time PCR instrument according to the manufacturer's protocol (Green et al.
2005). We measured telomere length using real-time qPCR (Cawthon 2002) with the several
modifications. The ratio of telomere repeat copy number to 36B4 was compared to samples
whose telomere lengths were known, as measured by the traditional Southern Blot method
(Cawthon 2002; Slagboom et al. 1994). Separate amplification reactions were prepared for
analysis of the telomeric repeat units and the 36B4 gene; all samples were analyzed in triplicate.
(See the Appendix for more complete details of our telomere length measurement process.)

The dependent variable used in this study is the median of the triplicate qPCR amplifications.
Confirming the qPCR assay performed well and the DNA samples were high quality, the
average coefficient of variation of the three measures was low, at 0.045, and the average
correlation between them was high, at 0.93.

We report telomere length differences in terms of base pairs, calculated from the qPCR
information (Cawthon 2002), because of our interest in interpreting them with reference to
cellular aging. Others report an average annual loss of 41 base pairs for middle-aged and older
women (Iwama et al. 1998). In line with this estimate, we find that telomeres shortened in our
sample at a rate of approximately 49 base pairs per year. Thus, by estimating black-white
differences in telomere length in base pairs we can offer a rough approximation of a “biological
age” difference between black and white women by dividing the estimated difference by 49.5

We controlled for estradiol in all models to ensure that variation in telomere length is not simply
due to individual variation in estradiol, as estrogen has been shown to lengthen telomeres
through its actions on telomerase (Bayne et al. 2007). Furthermore, estradiol is a general
antioxidant that is associated with decreased cardiovascular disease risk, evidenced by the
increase in heart disease risk with menopause in women (Barrett-Connor and Bush 1991).
Because our sample includes women of perimenopausal age range, we wanted to account for
the possible explanation that black-white estrogen differences were responsible for telomere
length differences (Lee et al. 2005).

Self-reported race was coded as black or white. Self-reported age was measured in single years.
SWAN respondents were administered the PSS-4, an abbreviated version of the Perceived
Stress Scale deemed to have good predictive validity, although it has been found to suffer a
loss in reliability compared with the full PSS-10 (Cohen and Williamson 1988; Gallagher-
Thompson et al. 2006; Leon et al. 2007; Sharp et al. 2007). The four questions ask about how
often in the previous two weeks the participant has felt “unable to control important things in
your life,” “confident about your ability to handle your personal problems,” “that things were
going your way,” and “difficulties were piling so high that you could not overcome them.” The
response choices were on a Likert-like scale: (1) “never,” (2) “almost never,” (3)
“sometimes,” (4) “fairly often,” and (5) “very often.” To approximate variation across the
sample in chronic stress over a number of years, we summed each respondent's responses each
year and then averaged the variable for each respondent over the available years from baseline
to DNA collection.

We coded poverty status from baseline year reports of SWAN income category into <$20,000
or ≥$20,000 in accordance with 1996–1997 average poverty thresholds (the SWAN baseline
year). Smoking is associated with telomere length (Valdes et al. 2005) and can be a behavioral
mediator of stress. Smoking status was measured as two dummy variables, one indicating

5Telomere length in women around this age range is about 7,000 base pairs; thus, crudely, there is a loss of about 6–7% of telomere
length per year in midlife.
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whether or not the respondent was a current smoker at the time of DNA data collection, and
the other indicating whether or not the respondent ever smoked.

WHR measures central adiposity and was calculated from waist and hip circumference
measurements in centimeters. Given volatility of single-year weight measures, we averaged
all available measurements for each respondent. We chose to use a measure of central adiposity
(WHR) rather than of obesity (BMI) because research suggests that stress is more closely linked
to central fat distribution (Epel et al. 2000). Some have hypothesized a link between stress and
central adiposity through hypothalamic dysregulation (Bjorntorp 1997) and inflammatory
processes associated with chronic diseases showing marked black-white disparities (e.g.,
diabetes, cardiovascular disease; Akbartabartoori et al. 2005; Ljung et al. 2000; Moyer et al.
1994; Panagiotakos et al. 2005).

Statistical Analysis
Using ordinary least squares regression, median telomere length was regressed on race,
perceived stress, poverty, smoking, and WHR in a series of models that all include the control
variables of age at year 7, estradiol at year 7, SWAN study site, and qPCR batch.6

To test our primary hypothesis that black SWAN respondents experience accelerated cellular
aging relative to their white counterparts, we regress telomere length on race and the control
variables only. Our theoretical model predicts that we will find that, on average, black
respondents have shorter telomere length (a smaller number of base pairs) than white
respondents. We further hypothesize that this difference is mediated by experience with
stressors. Thus, our theory predicts that the magnitude of the estimated black-white difference
in base pairs will be reduced when the remaining study variables are controlled. Based on our
theoretical model, we first consider whether the size of the race coefficient is sensitive to the
inclusion of our indicators of stressful life experiences: PSS and poverty. Finally we also
include smoking and WHR in our models because they may be responses to stressors and serve
as indicators of the biobehavioral pathways through which life stressors may impact health and
telomere length.

All analyses were performed using STATA/SE 9.2 SE.

Results
Table 1 provides correlations among the study variables. Each explanatory variable is
associated with telomere length in the predicted direction—in other words, perceived stress,
poverty, smoking, and WHR are each negatively associated with telomere length. The strength
of these associations ranges only from weak to moderate. Stronger associations between the
explanatory variables and race are evident. Black respondents are worse off on all measures
except ever smoking. In addition, perceived stress is positively associated with poverty,
smoking, and WHR.

In Table 2, we report estimated coefficients for race with associated p-values and upper bounds
for one-tailed tests appropriate to the hypothesis that black women have shorter telomere length
than white women. All regression models include controls for the respondent's age and estradiol
level in year 7 when DNA was collected, as well as controls for SWAN site and qPCR batch.
In addition to these control variables, Model 1 includes only the race variable. On average,
black women have shorter telomeres than white women by an estimated 371 base pairs
(p<0.07). Perceived stress, inversely related to telomere length and higher in black women,
accounts for some of this difference (p<0.10), reducing the estimated racial difference in

6As a robustness test, we also estimated models using the mean of the triplicate qPCR amplifications and obtained similar results.
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telomere length to 338 base pairs (Model 2). Model 3 adds a control for poverty and the
estimated difference drops to 272 base pairs, a 27% reduction from the unadjusted estimate,
and an estimate that is not statistically significantly different from zero (p<0.16).

Models 4, 5, and 6 estimate whether smoking or WHR may account for some of the relation
between telomere length and measures of perceived stress and economic well-being. When
only current smoking is controlled, the estimated racial difference appears to be reduced by 20
base pairs. However, taking account of ever smoking, as well, leads to a small increase in the
racial disparity. WHR is estimated to reduce the difference by an additional 77 base pairs. The
remaining base pair differences are not statistically significantly different from zero (p<0.23).

Discussion
In this first population-based investigation of black-white differences in telomere length, we
find evidence to suggest that by middle age, black women have shorter telomeres than white
women. In line with previous findings on telomere attrition (Iwama et al. 1998), telomeres
shortened in our sample at an average rate of 49 base pairs per year. Applying this estimate as
a rough metric suggests that black women in the study sample experienced an accelerated
biological aging of approximately 7.5 years compared with white women of the same
chronological age. This finding is of similar magnitude to that of Cherkas et al. (2006), who
estimated an average difference of about seven years of biological age between sample
members of higher compared with lower social class of the same chronological age in their
British study of social class differences in telomere length among white women.

We found evidence that stressors associated with perceived stress, poverty, and WHR
contributed to black-white differences in telomere length. Differences by race in the probability
of being poor or of having a higher WHR were strongly correlated with each other as well as
accounting for the largest shares of the racial difference in telomere length in terms of base
pairs. The finding that WHR may be an important pathway through which race and poverty
impact telomere length is consistent with stress physiology. In their 19-year prospective study
of job strain and obesity in 35- to 55-year-old members of the British Whitehall cohort, Brunner
et al. (2007) found a dose-response relationship between work stress and central obesity, after
adjustment for age, sex, social position, baseline obesity, smoking, diet, alcohol consumption,
and physical activity. They interpret their findings as supportive of involvement of direct
neuroendocrine effects of chronic stress on abdominal obesity. Chronic stress alters
adrenocortical activity, leading to characteristic features of metabolic syndrome including
insulin resistance and abdominal obesity. Whitehall participants were largely white Europeans,
with some South Asian participants. No similar prospective, well-controlled study has been
implemented in US populations. A recent cross-sectional study found an association between
higher levels of daily stress and increased WHR in black women (Vines et al. 2007).

Limitations
Our point estimates of the black-white difference in telomere length are of meaningful size,
but they are imprecisely estimated. Focusing on the p-values alone would indicate that our
findings of black-white differences in telomere length are marginally significant and that they
are fully accounted for by perceived stress and income poverty. In contrast, focusing on the
magnitude of the point estimates, instead, would suggest that half or more of the black-white
difference remains unexplained, net of the variables we were able to control.

A full reading of our findings in light of data limitations leads us to conclude that further
research is needed before a role of a more complete set of measures of subjective and objective
stressors is ruled out as contributing to black-white differences in telomere length. We come
to this conclusion for several reasons. First, given limitations of our stress measures, residual
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confounding (Kaufman et al. 1997) is likely, implying that part or all of the remaining black-
white difference in telomere length is due to a more complete list of social, economic, or
environmental stressors. The PSS does not account for chronic stressors or for objective
stressors in the physical or social environment that can activate the biological stress process.
Household income measures are prone to measurement error, can be volatile, and are
incomplete measures of economic resources (Haider and Solon 2006; Mayer and Jencks
1988). For example, they do not include wealth, access to credit, or purchasing power, which
are known to vary dramatically between blacks and whites in the United States (Barsky et al.
2002; Morillas 2007).

Second, there is good reason to suspect that our failure to reject the null hypothesis of no
difference, once perceived stress and poverty are controlled, is more likely to reflect
imprecision in our estimates (Type II error) than a lack of a residual black-white difference in
telomere length that might be explained by additional stressors. Using a community-based
sample such as SWAN would introduce greater random error (between-women variability in
telomere length) than existed in earlier studies of stress and telomere length that were more
homogeneous. For example, Epel et al. (2004) analyzed a homogenous sample of white women
who were carefully chosen and matched on important factors to reduce confounds and variance.
Random error was also likely introduced by SWAN's immortalization process, which, while
preserving DNA integrity, may have added telomeric subunits in random repeat lengths to
telomere ends (Wall et al. 1995). Random error would reduce the efficiency (statistical power)
of our sample (Wooldridge 2002).

In addition, the youngest SWAN participants were 49 years of age when DNA was collected.
By ages 49–55, several factors may dilute evidence of differential cellular aging between blacks
and whites, including: (1) a greater proportion of black than white women will have already
died, disproportionately from diseases associated with shorter telomere length (Geronimus et
al. 1999; Wong et al. 2002); (2) age-related chronic disease prevalence increases across
demographic groups at this age (Crimmins and Saito 2001; Geronimus et al. 2001, 2006,
2007; Hayward and Heron 1999); (3) telomere length may begin to shorten rapidly across the
board in the fifties (Frenck et al. 1998); and (4) random error caused by variation in progress
along the menopausal transition among women in this age group. We note that Epel et al.'s
(2004) research had a younger sample (mean age = 38 years). Had we been able to focus on
women in their thirties and early forties, we might have had a stronger test of our hypothesis.

In theory, the most complete test of our hypothesis would be to follow cohorts of black and
white women from birth through middle age to study influences on telomere attrition over the
life-course. Of course, the data for this ideal test do not exist, and it would take decades to
produce them. Because there are few scientific reasons to collect genetic material at multiple
time points, SWAN, like other population-based data sets, collected DNA information only
once, ruling out a comparison of telomere length at two or more points over a shorter time
period.7 Thus, we analyzed cross-sectional data to test for differences in average telomere
length between the black and white populations at the given chronological age when DNA
samples were collected, with the understanding that average telomere length reflects
differences that have accumulated over the full lifetime to that age. Such a cross-sectional study
can inform and motivate the considerable investment needed for future long-term, longitudinal
data collection efforts by contributing to the assessment of the merit of making such a major
investment.

7In fact, depending on the length of interval between DNA sample collections, this short-term longitudinal approach would not always
provide a reliable test of our hypothesis, which concerns the accumulated impact of stressors over a span of 30 or more years.
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Our findings are supportive of our primary hypothesis that, by middle age, black women's
average telomere length is shorter than white women's and this difference is associated with
exposure to stressors. Findings on the contribution of the measured stressors are most
judiciously viewed as suggestive. Although all of the relationships estimated were in the
hypothesized direction, data limitations resulted in imprecise estimates in some cases, limiting
our ability to draw firm inferences. Our theory and empirical findings based on our limited test
suggest that further investigation of black-white differences in telomere length using large-
population-based samples of broad age range and with more detailed measures of subjective
and objective stressors would be a promising approach. Such investigation could deepen
understanding of the biological mechanisms through which social structural processes exert
their impact on morbidity and mortality to produce racial health inequality.
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Appendix

Telomere Length Measurement
The telomere amplification reaction for each sample included 35 ng of sample DNA, 25 (μl of
Power SYBR® Green PCR Master Mix (Applied Biosystems, Foster City, CA), 40 ng of E.
Coli DNA, and the telomere primers, which have been specifically designed to prevent the
formation of primer dimmers (Cawthon 2002). Final reaction volume was 50 μl. Telomere
primer sequences were tel 1b 5′-
CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3′ (final concentration of
100 nM) and tel 2b 5′-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3′
(final concentration of 900 nM) (Gil and Coetzer 2004). The single copy gene amplification
reaction for each sample included 35 ng of sample DNA, 25 μl of Power SYBR® Green PCR
Master Mix, 36B4 primers, and deionized, distilled water to a final volume of 50 μl. The 36B4
primer sequences are 36B4u 5′-CAGCAAGTGGGAAGGTGTAATCC-3′ (final concentration
of 300 nM) and 36B4d 5′- CCCATTCTATCATCAACGGGTACAA-3′ (final concentration
of 500 nM). All amplification runs were prepared in MicroAmp Optical 96-well reaction plates
(Applied Biosystems, Foster City, CA). For each amplification run, known standards from a
single DNA reference sample were also amplified (as described above) to ensure that the
amplification was functioning as expected. Following the addition of all sample or standard
DNA and reagents, the plates were sealed with a MicroAmp Optical Adhesive film (Applied
Biosystems, Foster City, CA) and centrifuged at 3,000 rpm for approximately 20 s.

All reactions were performed on the ABI 7500 Real-Time qPCR system. Both amplifications
(telomere and 36B4) included a heat-activation step at 9°C for 10 min. For the telomere
amplification, this was followed by 25 cycles of 95°C for 15 s and 54°C for 1 min. For the
36B4 amplification, this was followed by 30 cycles of 95°C for 15 s, 58°C for 1 min.
Fluorescence data was collected during the annealing/extension steps of both reactions. The
instrument was set to run in 9600 emulation mode with auto ramping. Resulting data was
analyzed with ABI's SDS v1.2 software package using a manual Ct of 0.06 and the auto baseline
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setting. Telomere: 36B4 Ct ratios and telomere length were calculated using Cawthon's
(2002) formula.
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Table 2

Estimated black-white differences in telomere length

Modela b raceb p < Upper boundc R2

(1) Race −371* 0.07 −42 0.095

(2) Race, perceived stress −338* 0.10 −2 0.097

(3) Race, perceived stress, poverty −272 ns 76 0.101

(4) Race, perceived stress, poverty, current smoker −252 ns 98 0.104

(5) Race, perceived stress, poverty, current smoker, ever smoker −290 ns 68 0.106

(6) Race, perceived stress, poverty, current smoker, ever smoker, WHR −213 ns 134 0.113

a
all models include controls for age, estradiol, qPCR batch, and site

b
estimated difference in the number of base pairs

c
the upper bound can be thought of as analogous to the top of the confidence interval, appropriate to a one-tailed test; for example, the upper bound

on the black-white difference in model (1) suggests we are confident that average black telomere length is lower by no less than 42 base pairs below
average white telomere length.

*
p<0.10, one-tailed test
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