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Preterm birth (PTB) has a complex etiology that includes

genetic heritability, lifestyle and health, socioeconomic status,

and psychosocial stress. Racial disparities in pregnancy

outcomes are reported in many countries, but an especially

marked contrast is evident in the United States. Because of the

size of the problem, considerable research has investigated the

involvement of genetic and social factors. However, race is a

social construct and evidence suggests that in the United

States the effect of Black race on PTB is environmental, not

genetic. This derives since stress accumulates throughout a

lifetime and across generations leading to a large accumulated

allostatic load that is mediated by epigenetic mechanisms.

Epigenetic mechanisms can however be reversed and therein

lies future hope.
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Introduction
Preterm birth (PTB), defined as birth before the 37th

week of gestation, is a complex syndrome that affects

15 million babies each year worldwide. Of these, 1.1 mil-

lion do not survive [1,2]. Those who do survive may face a

spectrum of lifelong disabilities, including cerebral palsy,

intellectual impairment, chronic lung disease, vision and

hearing loss [3]. Babies born weighing less than 2500 g

and 1500 g are considered low birth weight (LBW) and

very low birth weight (VLBW), respectively [4]. Globally,

PTB complications are the greatest cause of death for

children under five years of age, and in developed coun-

tries PTB is the greatest cause of newborn mortality and

disability [1,2]. The etiology of PTB remains largely

unknown in spite of decades of research, with the cause
www.sciencedirect.com 
of nearly half of all preterm births unexplained [5]. Social

factors such as socioeconomic status (SES), past traumatic

events, marital or relationship issues, abuse, discrimina-

tion, loss of a close friend or family member, and natural

disasters have been identified as risk factors for PTB and

LBW [6,7].

Racial disparities in pregnancy outcomes
Considerable racial disparities in birth outcomes have

been reported around the world, but an especially marked

contrast is evident in the United States. Health disparities

subsist between White Americans and all ethnic minori-

ties, but the imbalance is especially prominent between

Non-Hispanic White and Non-Hispanic Black popula-

tions. Black women are more than 50% more likely to

have a PTB and nearly twice as likely to have a LBW baby

[8,9]. Moreover, the perinatal mortality rate of Black

infants is 3.5x higher than White babies [10], and Black

infants are 2.3 times more likely to die within their first

year of life [11].

In Pelotas, Southern Brazil, trajectories of inequalities are

uniquely well demonstrated through a series of birth

cohorts in 1982, 1993, 2004 and 2015 [12�,13–16]. The

PTB rate increased sharply over time, from 5.8% to

13.8%, whereas LBW incidence increased from 9.0 to

10.1%. This inflation in PTB was disproportionately

experienced by women who were Black, Mixed-race,

or from a low-SES household. Another Brazilian study

compared birth outcome data of women with African and

European origins from 15 different cities, calculating

PTB rates of 18.9% and 15% and LBW rates of 12.4%

and 8.1%, respectively [17]. Similarly, women with Afri-

can or Caribbean ethnicity in London, UK, had a 33%

higher incidence of PTB [18]. PTB rates of Black women

in Canada are 30% lower than in the US, but remain

higher than White Canadians [19]. Hence the question

derives, do women of Black race possess a risk allele that

increases their risk for a PTB?

Race is a social construct, not a biological
variable
Researchers around the world have been pursuing the

identification of a genetic variant responsible for PTB for

decades, but they have only had modest success so far due

to the complex etiology of PTB. Nevertheless, progress

towards answering this question has been made in recent

years using techniques such as whole exome sequencing

[20], genome-wide association studies [21–23], and large
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meta-analyses [24�,25,26]. Summaries of a selection of

recent studies are presented in Table 1.

Non-White people are consistently underrepresented or

systematically excluded in genetic studies, resulting in a

very limited understanding of the role of genetic variants
Table 1

Recent studies depicting genetic variants associated with PTB

Study Discovery cohort Replication cohort D

Zhang et al. [21] n = 43 568 women

with European

ancestry (database

from 23andme)

3 Nordic data sets,

n = 8643 mothers and

4090 infants.

G

a

(

r

M

a

c

d

Modi et al. [20] Neonates of African

American mothers in

Richmond, Virginia,

n = 76 with pPROM

and n = 43 healthy

controls.

n = 188 cases and

175 controls

(Richmond and

Detroit)

W

s

D

T

3

g

r

Tiensuu et al. [22] n = 247 infants born

<36 weeks, and

419 term controls

n = 260 infants born

<32 weeks and

9630 term controls.

G

a

p

l

e

c

m

Oulu and Tampere

University Hospitals

1000 Genomes

phase3 data (Finland)

Rappoport et al. [23] Ancestry-matched

control population

from Health and

Retirement Study,

1000 Genomes

dataset

1) Genes-

environments and

Admixture in Latino

American babies

(GALA II) study

G

a

o

e

s

1

m

t

(

E

E

1349 preterm infants

(born 25–30 weeks

gestation), 12 595

ancestry matched

controls.

2) Inova Translational

Medicine Institute

(800 mother, father,

infant trios)

3) Boston Birth

Cohort (African

American,

698 preterm infants,

1035 term controls)
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in adverse pregnancy outcomes in non-White individuals.

Although there is some genetic heritability involved in

PTB [27], genetics are likely not a leading contributor to

the existing racial disparities in birth outcomes. Nearly

two decades have passed since editorials were published

in both the New England Journal of Medicine and Nature
ata Collection Outcome

enome-wide

ssociation study

GWAS) of discovery and

eplication data sets.

Genetic variants significantly associated

with duration of gestation: EBF1, EEFSEC,

AGTR2, WNT4, ADCY5, RAP2C.

aternal-fetal genetic

ssociation analysis was

ompleted in replication

ata set

Genetic variants significantly associated

with PTB: EBF1, EEFSEC, AGTR2.

Association analysis concluded variants

act at the level of the maternal genome

hole exome

equencing of neonatal

NA of original cohort.

argeted genotyping of

5 selected candidate

ene variants in

eplication cohort.

Mutations detected in 10 genes involved in

innate immune and host response: CARD6,

CARD8, NLRP10, NLRP12, NOD2, TLR10,

AOAH, DEFB1, MBL2, FUT2.

Mutations occurred more often in pPROM

pregnancies.

enome-wide

ssociation study

athway analysis,

ocalization of tissue

xpression, qPCR to

onfirm difference in

RNA expression.

SLIT2 was significantly associated with

sPTB in discovery and replication cohorts.

Pathway analysis found association with

retinal ganglion cell axon guidance,

telencephalon development, and negative

chemotaxis. SLIT2 and its receptor ROBO1

are localized to villous and decidual

trophoblasts, and mRNA expression is

higher in sPTB placentas compared to

placentas at term or elective preterm.

enome-wide

ssociation study, testing

ver 2 million SNPs in

ach ‘population group’

eparately.

000 Genomes dataset to

ap cases and controls

o five populations

African, Americas,

uropean, South Asian,

ast Asian).

Only two genetic variants were statistically

significant, rs17591250 on chromosome

1 in the African group and rs1979081 on

chromosome 8 in the Americas group.

Neither of these were validated in all

replication cohorts. The authors suggested

that PTB is ‘likely explained by interactions

of multiple common variants, race variants

affected by environmental influences, all

not detectable by GWAS alone.’
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Genetics delineating the scientific opinion that race is

not a biological variable, but rather a social construct

[28�,29–31]. Race is not a proxy for genetic ancestry, but

ancestral populations are often conflated with race or

misinterpreted as racial classifications. Genetic ancestry

is determined based on the prevalence of certain genetic

variations and does not take into account predetermined

sociocultural groupings [32]. Fujimura and Rajagopalan

emphasize the importance of maintaining an unambig-

uous distinction between ancestry and race in biomedi-

cal research, as results can be easily misconstrued by the

media and public [32].

Many studies have demonstrated that racial disparities in

the United States are a result of environmental and not

biological influences. A seminal study in 1997 established

that infants born to US-born Black mothers have worse

birth outcomes than African-born immigrant Black

mothers living in the US [33]. Even when the authors

analyzed the data of only the lowest risk group of women

(women with no previous pregnancy losses, gravida 2–3,

first trimester initiation of prenatal care, ages 20–39, and

educated), US-born Black women still had an inflated

LBW incidence of 7.5%, compared to 3.6% of African-

born Black women and 2.4% of US-born White women

[33]. Another group employed biometric genetic models

to measure the influence of genetic versus environmental

factors on the phenotypic variation in gestational age in

Americans of European and African origin in Virginia

from 1989 to 2008 [34��]. In European-Americans,

35.2% of the variation in gestational age at birth could

be explained by fetal genetic factors, whereas in African–

Americans that value was negligible (3.7%). Black women

had twice the variation in gestational age at birth, and

82.5% of this variation was explained by environmental

influences [34��].

A Brazilian study determined that 63% of the racial

disparities in PTB were a result of the unequal distribu-

tion of wealth presenting in fewer prenatal care visits,

with Black families making only 44% of the family

income of White Brazilians [17]. However, an American

study concluded that only 27.5% of the variation in US

PTB rates could be appropriated to the SES of the parents

[35]. Black women with a lifelong residence in a high-

income Chicago neighborhood were still found to have

1.2x the rate of PTB and 2.4 times the rate of LBW [36].

In California, Black women have a 1.56x higher chance of

preeclampsia. Although high SES was found to be pro-

tective in White women, further reducing the risk of

preeclampsia, it had no effect in Black women [37]. This

concept has been termed diminishing returns, which is

defined by Black individuals not receiving the same gain

or benefit from belonging to a high SES group [37,38]. In a

population of US Military where all women had equal

access to healthcare and insurance, VLBW, LBW and

neonatal mortality rates were still higher in Black women
www.sciencedirect.com 
[39]. When compared directly to White women, Black

women in the military had a 3.6x higher chance of

placental abruption, a rare but potentially serious preg-

nancy complication [40]. Clearly, racial disparities in the

US are not a result of socioeconomic disadvantage alone,

and other social factors must be considered.

Interpersonal racism is a chronic stressor that
impacts birth outcomes
Perceived stress has physiological impacts and can dis-

rupt a person’s overall health and ability to self-regulate,

cope, learn, and perform [41��]. As pregnancy is an

especially vulnerable time for both mother and child,

stress during this period can lead to adverse birth out-

comes [42–47]. Racial discrimination is a form of chronic

stress experienced by many African Americans. A calcu-

lation of the number of Google searches using the N-

word was used to form an ‘internet query-based measure

of area racism’ experienced by Black mothers over a

period of three years. The authors accounted for all

variability in SES and demographics, and concluded that

both PTB and LBW incidence increased by 5% with

each increasing standard deviation of measured area

racism [48�]. Experiences of personal and group racism,

structural racism, and chronic worry or unease about

racial discrimination have all been found to significantly

increase the odds of PTB or LBW in Black women [49–

52]. The accumulation of such stressors leads to adverse

pregnancy outcomes.

Stress accumulates throughout the lifespan
Psychosocial stress accumulates throughout a person’s

lifespan. The impact of stressful major life events

(LEs) throughout a person’s lifetime are typically mea-

sured using an additive scale, however many stressors are

deeply interrelated, increasing the complexity. Women

with one or more highly stressful LEs have a 76% higher

chance of PTB [53]. Adverse childhood experiences

(ACE), typically involving abuse, household dysfunction,

and neglect, can negatively influence adult health later in

life [54]. Exposure to two adverse experiences as a child

increased a woman’s odds of PTB by a factor of 2.09; this

value increased 18% with each additional ACE exposure

[55]. When these data were combined with experiences of

adult abuse to form a combined lifetime abuse score, each

subsequent adverse event increased the risk of spontane-

ous PTB by an additional 30% [55].

African American women that reported encountering

extensive racial discrimination over their lifespan were

found to be 3.1x and 5x more likely to have a PTB or a

LBW infant, respectively [56]. Further, another study

demonstrated that Black women who experience three or

more different domains of racism in their lifetime have a

3.2-fold greater chance of delivering a VLBW infant.

Interestingly, in this study population, experiences of

racism during pregnancy did not increase rates of
Current Opinion in Physiology 2020, 13:155–165
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LBW, possibly signifying that stress accumulation

throughout the lifetime is more impactful than recent

exposures [57]. Recently, hierarchical clustering analysis

was used to analyze stressful LEs experienced in the year

preceding delivery in a population of pregnant mothers,

resulting in three distinct groups of stressor landscapes: a

protected stressor landscape (PSL), isolated stressor land-

scape (ISL), and toxic stressor landscape (TSL) [41��].
The stress landscapes impacted health outcomes differ-

ently depending on the intersection of race and income.

Outcomes of this study are presented in Table 2.

Environmental toxin exposure: prevalence and
susceptibility
Environmental exposures to toxins and chemicals also

increase PTB rates [58]. In Ningbo, China, short-term

exposure to four different ambient air pollutants (PM2.5,

PM10, SO2, and NO2) in the week before delivery

increased the PTB risk by 3.6 to 6.5-fold [59]. In San

Joaquin Valley, California, exposure to the highest mea-

sured quartile of the same four pollutants during the

second trimester and end of pregnancy increased early
Table 2

Hierarchical clustering analysis of stressful life events (LEs) precedin

Study Koning et al. [41��]

Data source CDC PRAMS (Pregnancy Risk Assessment Monitori

Population n = 111 330 mothers; US Births from 32 states and N

Data collection Administration of standardized self-administered qu

assessment: one year preceding delivery.

Subject: maternal experiences, risk factors, and hea

Data is linked to child’s birth record.

Outcome 3 groups of stressor landscapes identified based on

1) Protected stressor landscape (PSL)

2) Isolated or illness stressor landscape (ISL)

3) Toxic stressor landscape (TSL)

Protected stressor landscape

(PSL)

Stressor landscape characteristics Low frequency of LEs 

Population characteristics Overrepresentation of high-

income and White mothers.

Higher proportion of married

mothers, advanced maternal

age

Birth outcomes LBW: 5.8% 

Intersection of race and income White women are most affected

protective).

In Black and Hispanic women, in

pregnancy outcomes in all stres

demonstrated in the upper midd

Current Opinion in Physiology 2020, 13:155–165 
PTB between 20 and 27 weeks of gestation by 1.4–2.8x

[60]. Urban minority neighborhoods in the US are

exposed to higher levels of environmental toxins due

to closer proximity to high-traffic zones and factories

[61,62]. In every metropolitan area of the country with

a population greater than 1 million, Black individuals are

more likely than White individuals to be living in census

tract areas with high toxic air levels [63]. A study analyz-

ing all natality data from 48 states in 1998–99 found that

Hispanic, African–American and Asian/Pacific Islander

pregnant mothers were more than two times more likely

to live in the most polluted counties compared to White

mothers [64].

However, disparities are evident not only in the preva-

lence of exposures, but also in the altered vulnerability to

that exposure. Chronic stress, such as racial discrimination

or poverty, can induce immune alterations that modify

the ability of an individual to manage their exposure to

future stressors. There are many examples of this inter-

action in the literature, a selection of studies is summa-

rized in Table 3 [60,65,66�,67–70].
g delivery, from Koning et al. [41��]

ng System) Working Group

ew York City, 2011–2015.

estionnaires before, during, and after pregnancy. Total duration of

lth care.

 maternal life events (LEs):

Isolated stressor landscape

(ISL)

Toxic stressor landscape

Low frequency of acute LEs,

81% reported illness of close

relative

High frequency of LEs, often

traumatic in nature

Higher proportion of married

mothers

Disproportionate distribution

of minorities, low-income, and

unmarried mothers: 46% of

mothers are also in the

lowest-income quartile

LBW: 6.2% LBW: 8.3%

Compared to PSL: 1.3x PTB,

1.5x LBW, 1.6x VLBW

 by LEs if they are also in the lowest income quartile (high income is

come is not protective. Black women had higher rates of adverse

sor landscapes, but the greatest racial disparities are actually

le class.

www.sciencedirect.com
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Table 3

Chronically stressed individuals exhibit a higher susceptibility to environmental toxin exposures

Study Data source Population Data collection Outcome

Clougherty et al.

[65]

East Boston Neighborhood

Health Center (EBNHC)

n = 417 children from 1987 to

1993. EBNHC, Boston,

Massachusetts.

Traffic-related pollution

exposures, residential

retrospective exposure

estimates (trajectory for each

child), violence exposure

assessment, and child’s

asthma diagnosis.

Children with a higher than

median level of violence

exposure were 1.6–2.4x more

likely to develop asthma

following air pollution exposure.

Padula et al. [60] Study of Air Pollution,

Genetics and Early Life Events

(California Dept of Health)

n = 263 204 births from

2000 to 2006, San Joaquin

Valley, California.

Geocoding of maternal

residence, Ambient Air Quality

Data (EPA Database), traffic

density, socioeconomic

status (SES), birth outcomes.

During the 2nd trimester: High

CO2 and NO2 exposure

increases early PTB (from 20–

23 wks) by 60% and 92%. PM

exposure increases early PTB

(from 20–27 wks) >2�.

If residence is in a low SES

neighborhood, PTB risk

increases by an additional 50%.

Padula et al. [66�] Office of Statewide Health

Planning and Development

(OSHPD), linked hospital

discharge birth cohort

database

n = 53 843 births from 2009 to

2012, Fresno County,

California.

19 environmental and

population indicators

(pollution burden and

population characteristics,

using screening tool

CalEnviroScreen2.0), merged

OSHPD birth records by

census tract.

The highest 3 quintiles of

pollution burden and the

highest quintile of drinking

water contamination are both

associated with a significant

increase in PTB.

The risk of early PTB was

increased further in low SES

neighborhoods and in non-

White and non-Hispanic

mothers.

Ponce et al. [67] Linked LA county birth

records, 1990 US Census,

California Department of

Transportation, and South

Coast Air Quality

Management District

n = 37 347 births from 1994 to

1996, LA county, California.

112 of 269 LA county zip

codes within 3.2 km of a

freeway and monitoring

station

Traffic count info, ambient air

pollution data, birth records,

US census data.

Neighborhood SES

stratification into high, mid,

and low based on

unemployment, income from

public assistance, and family

poverty.

The interaction of upregulated

traffic-related air pollution in

winter months (thermal

inversion) and economic

hardship increased the odds of

PTB 2.2–2.6x in African-

American women compared to

White women.

The association between air

pollution and PTB was highest

in low SES neighborhoods, no

effect on PTB in high SES areas.

Casey et al. [68] California Department of

Public Health Birth Statistical

Master Files, US Census Data

n = 57 005 births from 2001 to

2011 in California. Last

menstrual period 2 yrs before

plant retirement or within 1 yr

of plant retirement.

Geocoded maternal

addresses, km distance from

coal and oil power plant, time

of exposure, gestational age,

demographic and SES data

per census block

The closure of 8 coal and oil

power plants resulted in the

decrease of PTB rates from

7.0 to 5.1% in women residing

within 5 km of the plant. These

effects were most pronounced

in Black and Asian mothers.

Pereira et al. [69] Connecticut Department of

Health Birth Records and

Environmental Protection

Agency Monitoring Stations

n = 61 688 infants born to

29 175 mothers (longitudinal

study of births in Connecticut

2000–2006, at least 2 births

per mother)

Weekly averages of PM2.5

measurements from EPA

monitoring stations used to

compute exposures per

trimester, birth records for

birth outcomes

PM2.5 exposure in the 1st

trimester was associated with a

10% increase in PTB risk with

each PM2.5 interquartile range

increase. The association was

stronger in Black and Hispanic

mothers, with a 39% and 31%

increase in PTB risk in response

to whole-pregnancy exposure

to PM2.5.

www.sciencedirect.com Current Opinion in Physiology 2020, 13:155–165
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Table 3 (Continued )

Study Data source Population Data collection Outcome

Ferguson et al.

[70]

TIDES Pregnancy cohort (The

Infant Development and the

Environment Study)

n = 783 infants born between

2010 and 2012

Phthalate exposure measured

through analysis of urinary

metabolites at 3 time points

during pregnancy, self-report

of stressful LEs during

pregnancy, birth outcomes

Exposure to SDEHP during the

3rd trimester increased the risk

of PTB by 2.09 if the women had

experienced a stressful LE

during pregnancy. Women who

did not experience LEs during

pregnancy only increased risk

of PTB by 1.04 with SDEHP.
Allostatic load and the ‘Weathering
Hypothesis’
Allostasis is the process by which the body maintains

physiological homeostasis as it encounters external stress-

ors. It is closely regulated by the brain, and involves both

the autonomic nervous system and the hypothalamic

pituitary adrenal axis [71–73]. Acute stress activates allos-

tasis, stimulating the release of inflammatory cytokines,

adrenal hormones (cortisol) and neurotransmitters to

adapt to the stress. Once the stressor is resolved, the

system returns to baseline. If the stressor is chronic, these

systems are activated repeatedly until overloaded and

unable to return to baseline, causing wear and tear on

the body and mind. This accumulation of stress over time

is allostatic load (AL), which can lead to an increased

susceptibility to infection and adverse health outcomes

[6,71]. AL is the missing physiological mechanism that

explains the presentation of poor health outcomes in

chronically stressed populations. These individuals have

a reduced capacity to withstand future stressors as a result

of their stress burdens, increasing their vulnerability to

future exposures [71,74–76]. The ‘Weathering

Hypothesis’, first proposed by Geronimus et al. in 1992,

interprets the widening differential between Black and

White health outcomes over time as a direct result of the

accumulating effects of socioeconomic inequalities on the

body [77]. This model works in concert with the AL

hypothesis. There is an increased probability in all age

groups for Black Americans to have a higher AL score; this

gap widens with increasing age and is the most pro-

nounced in women [78�]. By age 64, 80% of Black women

had a high AL score, whereas the proportion of White

women with a high AL score never surpassed 60%. After

adjusting for the poverty income scale, White Americans

considered ‘poor’ were still less likely than non-poor

Black Americans to have a high AL score [78�].

Telomeres, located at the end of every chromosome, are a

biomarker of cellular aging and AL. Telomere length acts

as a biological aging clock for the body’s cells as the length

shortens with each cell division cycle [6,79–81]. Stress

exposures such as air pollution and psychosocial stress can

increase the rate of telomere shortening [82,83]. Placental

tissues of Black American women have shorter telomere

lengths than those of White women. Decreased telomere
Current Opinion in Physiology 2020, 13:155–165 
lengths were measured in the amnion, chorion, villus, and

umbilical cord of Black women, but the distinction was

particularly prominent in the chorion [84�]. A population-

based study of 981 adults determined that after adjusting

for income, education, smoking, physical activity, diet,

and BMI, Black and Hispanic Americans demonstrated

more pronounced telomere shortening with age com-

pared to White Americans, proportionate to 6–10 years

of additional aging. This racial difference was more

pronounced in women than men [85].

Pregnancy itself is a stressful event, so it is conceivable

that women who begin their pregnancy with an already

elevated allostatic load score may have a higher likeli-

hood of PTB or LBW. However, as summarized in Olson

et al. [6], studies thus far have presented conflicting

results when examining the significance of the associa-

tion between allostatic load and adverse pregnancy out-

comes. These researchers measured a series of AL-

related clinical biomarkers in the preconception period,

during pregnancy, or postpartum [86–88,89�,90–92].
Since then, additional researchers have demonstrated

a significant association between postpartum increases

in AL and a history of adverse pregnancy outcomes

[93–95]. Nevertheless, prospective work comparing

pre-pregnancy AL scores and PTB remains quite lim-

ited. Morrison et al. determined that commonly used AL-

related biomarkers, although appropriate for use in non-

pregnant women, are not relevant measures of chronic

lifetime stress during pregnancy [89�]. Researchers have

emphasized the critical need for prospective longitudinal

studies employing a number of different measures to

assess AL, including an assessment of lifetime psycho-

social stress and abuse [6,96,97]. As AL disparities are

evident in ethnic minority populations, it is important

that prospective studies enroll women with diverse

genetic ancestries.

Notably, although race is a social construct, environmen-

tal stressors such as ACEs and LEs can modify gene

expression through epigenetic mechanisms. Gene activ-

ity can be altered through DNA methylation, histone

modification, and small noncoding RNAs without gener-

ating any change to the DNA sequence. Through a

process termed transgenerational epigenetic inheritance,
www.sciencedirect.com
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modifications induced by social factors can be transmitted

to future generations. This concept is explained in detail

in Jawaid et al. [98]. Exposure to maternal trauma during

residential schools [99], ACEs [100,101], natural disasters

[102–106], famine [107], the Holocaust [108], and sexual

slavery [109] can be passed on epigenetically to the next

generation resulting in biological changes to health and

behavior later in life. Studies in animal models have

demonstrated that maternal (or paternal) stress during

pregnancy can affect offspring behavior, birth timing,

metabolism, and molecular processes even after multiple

generations [110–116], and an allostatic load score can be

developed to predict those at risk [117�]. In addition to

present day discrimination and systemic racial bias [118],

African Americans were subjected to centuries of cultural

trauma, termed Posttraumatic Slave Syndrome [119,120].

Epigenetic mechanisms are expected to be involved in

this transmission of AL through generations.

Concluding remarks
Many African Americans as well as people of other races

and cultures are exposed to systemic and interpersonal

racism throughout their lives. These psychosocial, physi-

cal environment, and socioeconomic inequalities all con-

tribute to increased allostatic load. It is clear that the life-

long accumulation of these and other stressors increase an

individual’s vulnerability and negatively influence preg-

nancy outcomes [121]. High allostatic load of mothers

without compensatory resilience can be transmitted to

future generations through epigenetic mechanisms

thereby negatively impacting offspring health. Fortu-

nately, recent animal studies have demonstrated that

an enriched environment reverses the negative effect

of epigenetically transmitted adverse health outcomes

[122�]. Perhaps with time and a more equitable social

environment, there will be hope to reverse the adverse

health effects of centuries of endemic racism.
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Rämet M: Risk of spontaneous preterm birth and fetal growth
associates with fetal SLIT2. PLoS Genet 2019, 15:e1008107.

23. Rappoport N, Toung J, Hadley D, Wong RJ, Fujioka K, Reuter J,
Abbott CW, Oh S, Hu D, Eng C et al.: A genome-wide association
study identifies only two ancestry specific variants associated
with spontaneous preterm birth. Sci Rep 2018, 8:226.

24.
�

Liu X, Helenius D, Skotte L, Beaumont RN, Wielscher M, Geller F,
Juodakis J, Mahajan A, Bradfield JP, Lin FTJ et al.: Variants in the
fetal genome near pro-inflammatory cytokine genes on 2q13
associate with gestational duration. Nat Commun 2019,
10:3927.

This research group completed a large fetal genome-wide association
meta-analysis of gestational duration in 84 689 infants and a replication
cohort of 9291. They found genetic variants located near pro-inflamma-
tory cytokine genes on chromosome 2q13 associated with gestational
duration, including members of the IL1 family which are central regulators
of the birth cascade.

25. Warrington NM, Beaumont RN, Horikoshi M, Day FR, Helgeland Ø,
Laurin C, Bacelis J, Peng S, Hao K, Feenstra B et al.: Maternal and
fetal genetic effects on birth weight and their relevance to
cardio-metabolic risk factors. Nat Genet 2019, 51:804-814.

26. Beaumont RN, Warrington NM, Cavadino A, Tyrrell J,
Nodzenski M, Horikoshi M, Geller F, Myhre R, Richmond RC,
Paternoster L et al.: Genome-wide association study of
offspring birth weight in 86 577 women identifies five novel loci
and highlights maternal genetic effects that are independent
of fetal genetics. Hum Mol Genet 2018, 27:742-756.

27. Porter TF, Fraser AM, Hunter CY, Ward RH, Varner MW: The risk
of preterm birth across generations. Obstet Gynecol 1997,
90:63-67.

28.
�

Schwartz RS: Racial profiling in medical research. N Engl J Med
2001, 344:1392-1393.

This editorial is of special interest as it clearly and thoroughly delineates
the scientific opinion that race is not a biological variable but a socio-
cultural construct.

29. A.A. Association: AAA statement on race. Am Anthropol 1998,
100:712-713.

30. Genes, drugs and race. Nat Genet 2001, 29:239-240.

31. Rosenberg NA, Pritchard JK, Weber JL, Cann HM, Kidd KK,
Zhivotovsky LA, Feldman MW: Genetic structure of human
populations. Science 2002, 298:2381-2385.

32. Fujimura JH, Rajagopalan R: Different differences: the use of’
genetic ancestry’ versus race in biomedical human genetic
research. Soc Stud Sci 2011, 41:5-30.

33. David RJ, Collins JW: Differing birth weight among infants of U.
S.-born blacks, African-born blacks, and U.S.-born whites. N
Engl J Med 1997, 337:1209-1214.

34.
��

York TP, Strauss JF, Neale MC, Eaves LJ: Racial differences in
genetic and environmental risk to preterm birth. PLoS One
2010, 5:e12391.
Current Opinion in Physiology 2020, 13:155–165 
In this paper, the authors utilized biometric genetic models to measure the
influence of genetic versus environmental factors on the phenotypic
variation in gestational age at birth in Americans with European and
African origins. This study was selected for outstanding interest because
it affirms the depth of the importance of environmental influences in PTB
racial disparities. The authors found that African Americans had nearly
twice the variation in gestational age at birth, and that 85.2% of that
variation is explained by environmental influence.

35. Lhila A, Long S: What is driving the black-white difference in
low birthweight in the US? Health Econ 2012, 21:301-315.

36. Collins JW, David RJ, Simon DM, Prachand NG: Preterm birth
among African American and white women with a lifelong
residence in high-income Chicago neighborhoods: an
exploratory study. Ethn Dis 2007, 17:113-117.

37. Ross KM, Dunkel Schetter C, McLemore MR, Chambers BD,
Paynter RA, Baer R, Feuer SK, Flowers E, Karasek D, Pantell M
et al.: Socioeconomic status, preeclampsia risk and
gestational length in black and white women. J Racial Ethn
Health Disparities 2019, 6:1182-1191.

38. Assari S: Unequal gain of equal resources across racial
groups. Int J Health Policy Manag 2018, 7:1-9.

39. Barfield WD, Wise PH, Rust FP, Rust KJ, Gould JB, Gortmaker SL:
Racial disparities in outcomes of military and civilian births in
California. Arch Pediatr Adolesc Med 1996, 150:1062-1067.

40. Eubanks AA, Walz S, Thiel LM: Maternal risk factors and
neonatal outcomes in placental abruption among patients
with equal access to health care. J Matern Fetal Neonatal Med
2019:1-6.

41.
��

Koning SM, Ehrenthal DB: Stressor landscapes, birth weight,
and prematurity at the intersection of race and income:
elucidating birth contexts through patterned life events. SSM
Popul Health 2019, 8:100460.

In this paper, the authors used hierarchical clustering analysis to evaluate
stressful life events in the year preceding delivery in a population of
pregnant mothers. Three distinct groups of stressor landscapes were
classified: protected stressor landscape, isolated stressor landscape,
and toxic stressor landscape. The authors found that stressor landscapes
impacted pregnancy outcomes differently depending on the intersection
of race and income, disproportionately influencing African American
women in the upper middle class.

42. Brett KM, Strogatz DS, Savitz DA: Employment, job strain, and
preterm delivery among women in North Carolina. Am J Public
Health 1997, 87:199-204.

43. Dolatian M, Sharifi N, Mahmoodi Z: Relationship of
socioeconomic status, psychosocial factors, and food
insecurity with preterm labor: a longitudinal study. Int J Reprod
Biomed (Yazd) 2018, 16:563-570.

44. Szegda K, Bertone-Johnson ER, Pekow P, Powers S,
Markenson G, Dole N, Chasan-Taber L: Prenatal perceived
stress and adverse birth outcomes among Puerto Rican
women. J Womens Health (Larchmt) 2018, 27:699-708.

45. Messer LC, Kaufman JS, Dole N, Herring A, Laraia BA: Violent
crime exposure classification and adverse birth outcomes: a
geographically-defined cohort study. Int J Health Geogr 2006,
5:22.

46. Almeida J, Bécares L, Erbetta K, Bettegowda VR, Ahluwalia IB:
Racial/ethnic inequities in low birth weight and preterm birth:
the role of multiple forms of stress. Matern Child Health J 2018,
22:1154-1163.

47. Baker KK, Story WT, Walser-Kuntz E, Zimmerman MB: Impact of
social capital, harassment of women and girls, and water and
sanitation access on premature birth and low infant birth
weight in India. PLoS One 2018, 13:e0205345.

48.
�

Chae DH, Clouston S, Martz CD, Hatzenbuehler ML, Cooper HLF,
Turpin R, Stephens-Davidowitz S, Kramer MR: Area racism and
birth outcomes among blacks in the United States. Soc Sci
Med 2018, 199:49-55.

In this paper, the authors use an internet query-based measure to quantify
an important stressor that is often difficult to measure, contemporary
racism. The number of google searches using the N-word was quantified
in 196 market areas. After accounting for variability in SES and demo-
graphics, the authors concluded that both PTB and LBW incidence in
www.sciencedirect.com

http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0090
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0090
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0105
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0105
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0105
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0105
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0150
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0160
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0160
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0160
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0175
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0175
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0210
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0210
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0210
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0230
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0230
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0230
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0230
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0240


Allostatic load and race in pregnancy outcomes Leimert and Olson 163
Black mothers increased by 5% with each increasing standard deviation
of measured area racism.

49. Slaughter-Acey JC, Talley LM, Stevenson HC, Misra DP: Personal
versus group experiences of racism and risk of delivering a
small-for-gestational age infant in African American women: a
life course perspective. J Urban Health 2019, 96:181-192.

50. Bower KM, Geller RJ, Perrin NA, Alhusen J: Experiences of
racism and preterm birth: findings from a pregnancy risk
assessment monitoring system, 2004 through 2012. Womens
Health Issues 2018, 28:495-501.

51. Braveman P, Heck K, Egerter S, Dominguez TP, Rinki C,
Marchi KS, Curtis M: Worry about racial discrimination: a
missing piece of the puzzle of black-white disparities in
preterm birth? PLoS One 2017, 12:e0186151.

52. Chambers BD, Erausquin JT, Tanner AE, Nichols TR, Brown-
Jeffy S: Testing the association between traditional and novel
indicators of county-level structural racism and birth
outcomes among black and white women. J Racial Ethn Health
Disparities 2018, 5:966-977.

53. Hedegaard M, Henriksen TB, Secher NJ, Hatch MC, Sabroe S: Do
stressful life events affect duration of gestation and risk of
preterm delivery? Epidemiology 1996, 7:339-345.

54. Felitti VJ, Anda RF, Nordenberg D, Williamson DF, Spitz AM,
Edwards V, Koss MP, Marks JS: Relationship of childhood
abuse and household dysfunction to many of the leading
causes of death in adults. The Adverse Childhood Experiences
(ACE) Study. Am J Prev Med 1998, 14:245-258.

55. Christiaens I, Hegadoren K, Olson DM: Adverse childhood
experiences are associated with spontaneous preterm birth: a
case-control study. BMC Med 2015, 13:124.

56. Mustillo S, Krieger N, Gunderson EP, Sidney S, McCreath H,
Kiefe CI: Self-reported experiences of racial discrimination and
Black-White differences in preterm and low-birthweight
deliveries: the CARDIA Study. Am J Public Health 2004, 94:2125-
2131.

57. Collins JW, David RJ, Handler A, Wall S, Andes S: Very low
birthweight in African American infants: the role of maternal
exposure to interpersonal racial discrimination. Am J Public
Health 2004, 94:2132-2138.

58. Burris HH, Collins JW, Wright RO: Racial/ethnic disparities in
preterm birth: clues from environmental exposures. Curr Opin
Pediatr 2011, 23:227-232.

59. Liu WY, Yu ZB, Qiu HY, Wang JB, Chen XY, Chen K: Association
between ambient air pollutants and preterm birth in Ningbo,
China: a time-series study. BMC Pediatr 2018, 18:305.

60. Padula AM, Mortimer KM, Tager IB, Hammond SK, Lurmann FW,
Yang W, Stevenson DK, Shaw GM: Traffic-related air pollution
and risk of preterm birth in the San Joaquin Valley of
California. Ann Epidemiol 2014, 24 888-95e4.

61. Gee GC, Payne-Sturges DC: Environmental health disparities: a
framework integrating psychosocial and environmental
concepts. Environ Health Perspect 2004, 112:1645-1653.

62. Sexton K, Olden K, Johnson BL: "Environmental justice": the
central role of research in establishing a credible scientific
foundation for informed decision making. Toxicol Ind Health
1993, 9:685-727.

63. Lopez R: Segregation and black/white differences in exposure
to air toxics in 1990. Environ Health Perspect 2002, 110(Suppl.
2):289-295.

64. Woodruff TJ, Parker JD, Kyle AD, Schoendorf KC: Disparities in
exposure to air pollution during pregnancy. Environ Health
Perspect 2003, 111:942-946.

65. Clougherty JE, Levy JI, Kubzansky LD, Ryan PB, Suglia SF,
Canner MJ, Wright RJ: Synergistic effects of traffic-related air
pollution and exposure to violence on urban asthma etiology.
Environ Health Perspect 2007, 115:1140-1146.

66.
�

Padula AM, Huang H, Baer RJ, August LM, Jankowska MM, Jellife-
Pawlowski LL, Sirota M, Woodruff TJ: Environmental pollution
www.sciencedirect.com 
and social factors as contributors to preterm birth in Fresno
County. Environ Health 2018, 17:70.

In this paper, authors used CalEnviroScreen2.0, a screening tool com-
bining measures of pollution burden and population characteristics by
census tract. The authors found that increased pollution burden and
drinking water contamination were both significantly associated with
increased PTB. The risk of early PTB was higher in low SES neighbor-
hoods as well as in non-White and non-Hispanic mothers.

67. Ponce NA, Hoggatt KJ, Wilhelm M, Ritz B: Preterm birth: the
interaction of traffic-related air pollution with economic
hardship in Los Angeles neighborhoods. Am J Epidemiol 2005,
162:140-148.

68. Casey JA, Karasek D, Ogburn EL, Goin DE, Dang K, Braveman PA,
Morello-Frosch R: Retirements of coal and oil power plants in
California: association with reduced preterm birth among
populations nearby. Am J Epidemiol 2018, 187:1586-1594.

69. Pereira G, Belanger K, Ebisu K, Bell ML: Fine particulate matter
and risk of preterm birth in connecticut in 2000-2006: a
longitudinal study. Am J Epidemiol 2014, 179:67-74.

70. Ferguson KK, Rosen EM, Barrett ES, Nguyen RHN, Bush N,
McElrath TF, Swan SH, Sathyanarayana S: Joint impact of
phthalate exposure and stressful life events in pregnancy on
preterm birth. Environ Int 2019, 133:105254.

71. McEwen BS: Protective and damaging effects of stress
mediators. N Engl J Med 1998, 338:171-179.

72. McEwen BS: Stress, adaptation, and disease. Allostasis and
allostatic load. Ann N Y Acad Sci 1998, 840:33-44.

73. Sterling P, Eyer J: Allostasis: A new paradigm to explain arousal
pathology. In Handbook of Life Stress, Cognition and Health.
Edited by Reason SFJ. Oxford, England: John Wiley & Sons; 1988:629-649.

74. Djuric Z, Bird CE, Furumoto-Dawson A, Rauscher GH, Ruffin MT,
Stowe RP, Tucker KL, Masi CM: Biomarkers of psychological
stress in health disparities research. Open Biomark J 2008, 1:7-
19.

75. Franceschi C, Campisi J: Chronic inflammation (inflammaging)
and its potential contribution to age-associated diseases. J
Gerontol A Biol Sci Med Sci 2014, 69(Suppl. 1):S4-S9.

76. Sealy-Jefferson S, Mustafaa FN, Misra DP: Early-life
neighborhood context, perceived stress, and preterm birth in
African American Women. SSM Popul Health 2019, 7:100362.

77. Geronimus AT: The Weathering Hypothesis and the health of
African-American women and infants: evidence and
speculations. Ethn Dis 1992, 2:207-221.

78.
�

Geronimus AT, Hicken M, Keene D, Bound J: "Weathering" and
age patterns of allostatic load scores among blacks and
whites in the United States. Am J Public Health 2006, 96:826-
833.

In this paper, the original author of the ‘Weathering Hypothesis’ further
elaborates on the widening differential between Black and White health
outcomes over time by measuring allostatic load scores of Black and
White individuals of all age groups. The authors found that Black Amer-
icans had higher AL scores in all age groups, but the gap continues to
widen with increasing age and is more pronounced in women. Income is
protective in White but not Black individuals.

79. Ahrens KA, Rossen LM, Simon AE: Relationship between mean
leucocyte telomere length and measures of allostatic load in
US reproductive-aged women NHANES 1999-2002. Paediatr
Perinat Epidemiol 2016, 30:325-335.

80. Shiels PG, Stenvinkel P, Kooman JP, McGuinness D: Circulating
markers of ageing and allostatic load: a slow train coming.
Pract Lab Med 2017, 7:49-54.

81. Ghimire S, Hill CV, Sy FS, Rodriguez R: Decline in telomere
length by age and effect modification by gender, allostatic
load and comorbidities in National Health and Nutrition
Examination Survey (1999-2002). PLoS One 2019, 14:e0221690.

82. Bijnens E, Zeegers MP, Gielen M, Kicinski M, Hageman GJ,
Pachen D, Derom C, Vlietinck R, Nawrot TS: Lower placental
telomere length may be attributed to maternal residential
traffic exposure; a twin study. Environ Int 2015, 79:1-7.
Current Opinion in Physiology 2020, 13:155–165

http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0245
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0245
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0245
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0245
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0250
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0250
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0250
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0250
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0255
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0255
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0255
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0255
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0260
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0260
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0260
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0260
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0260
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0265
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0265
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0265
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0270
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0270
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0270
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0270
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0270
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0275
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0275
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0275
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0280
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0280
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0280
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0280
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0280
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0285
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0285
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0285
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0285
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0290
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0290
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0290
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0295
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0295
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0295
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0300
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0300
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0300
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0300
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0305
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0305
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0305
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0310
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0310
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0310
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0310
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0315
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0315
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0315
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0320
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0320
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0320
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0325
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0325
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0325
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0325
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0330
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0330
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0330
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0330
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0335
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0335
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0335
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0335
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0340
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0340
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0340
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0340
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0345
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0345
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0345
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0350
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0350
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0350
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0350
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0355
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0355
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0360
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0360
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0365
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0365
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0365
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0365
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0370
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0370
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0370
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0370
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0375
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0375
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0375
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0380
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0380
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0380
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0385
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0385
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0385
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0390
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0390
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0390
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0390
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0395
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0395
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0395
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0395
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0400
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0400
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0400
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0405
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0405
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0405
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0405
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0410
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0410
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0410
http://refhub.elsevier.com/S2468-8673(19)30189-0/sbref0410


164 Pregnancy and the myometrium
83. Epel ES, Blackburn EH, Lin J, Dhabhar FS, Adler NE, Morrow JD,
Cawthon RM: Accelerated telomere shortening in response to
life stress. Proc Natl Acad Sci U S A 2004, 101:17312-17315.

84.
�

Jones CW, Gambala C, Esteves KC, Wallace M, Schlesinger R,
O’Quinn M, Kidd L, Theall KP, Drury SS: Differences in placental
telomere length suggest a link between racial disparities in
birth outcomes and cellular aging. Am J Obstet Gynecol 2017,
216 294.e1-294.e8.

In this paper, the authors measured telomere lengths in amnion, chorion,
umbilical cord, and fetal villous tissue in Black and White women.
Telomere length shortening is a biomarker indicative of cellular aging
and allostatic load, and this paper demonstrated increased shortening of
telomeres in placentas of Black women.

85. Diez Roux AV, Ranjit N, Jenny NS, Shea S, Cushman M,
Fitzpatrick A, Seeman T: Race/ethnicity and telomere length in
the multi-ethnic study of atherosclerosis. Aging Cell 2009,
8:251-257.

86. Wallace M, Harville E, Theall K, Webber L, Chen W, Berenson G:
Neighborhood poverty, allostatic load, and birth outcomes in
African American and white women: findings from the
Bogalusa heart study. Health Place 2013, 24:260-266.

87. Wallace M, Harville E, Theall K, Webber L, Chen W, Berenson G:
Preconception biomarkers of allostatic load and racial
disparities in adverse birth outcomes: the Bogalusa heart
study. Paediatr Perinat Epidemiol 2013, 27:587-597.

88. Wallace ME, Harville EW: Allostatic load and birth outcomes
among white and black women in New Orleans. Matern Child
Health J 2013, 17:1025-1029.

89.
�

Morrison S, Shenassa ED, Mendola P, Wu T, Schoendorf K:
Allostatic load may not be associated with chronic stress in
pregnant women, NHANES 1999-2006. Ann Epidemiol 2013,
23:294-297.

In this paper, the authors determined that allostatic load-related biomar-
kers commonly used as a score of chronic stress in non-pregnant women
are not relevant measures of chronic stress in pregnant women. During
pregnancy, these biomarkers are more representative of factors proximal
to pregnancy than true allostatic load.

90. Hux VJ, Catov JM, Roberts JM: Allostatic load in women with a
history of low birth weight infants: the national health and
nutrition examination survey. J Womens Health (Larchmt) 2014,
23:1039-1045.

91. Barrett ES, Vitek W, Mbowe O, Thurston SW, Legro RS, Alvero R,
Baker V, Bates GW, Casson P, Coutifaris C et al.: Allostatic load, a
measure of chronic physiological stress, is associated with
pregnancy outcomes, but not fertility, among women with
unexplained infertility. Hum Reprod 2018, 33:1757-1766.

92. Moore TA, Case AJ, Mathews TL, Epstein CM, Kaiser KL,
Zimmerman MC: Interleukin-17A and chronic stress in
pregnant women at 24-28 weeks gestation. Nurs Res 2019,
68:167-173.

93. Accortt EE, Mirocha J, Dunkel Schetter C, Hobel CJ: Adverse
perinatal outcomes and postpartum multi-systemic
dysregulation: adding vitamin d deficiency to the allostatic
load index. Matern Child Health J 2017, 21:398-406.

94. Duffy AR, Schminkey DL, Groer MW, Shelton M, Dutra S:
Comparison of hair cortisol levels and perceived stress in
mothers who deliver at preterm and term. Biol Res Nurs 2018,
20:292-299.

95. Shalowitz MU, Schetter CD, Hillemeier MM, Chinchilli VM,
Adam EK, Hobel CJ, Ramey SL, Vance MR, O’Campo P, Thorp JM
et al.: Network, cardiovascular and metabolic risk in women in
the first year postpartum: allostatic load as a function of race,
ethnicity, and poverty status. Am J Perinatol 2019, 36:1079-
1089.

96. Premji S: Perinatal distress in women in low- and middle-
income countries: allostatic load as a framework to examine
the effect of perinatal distress on preterm birth and infant
health. Matern Child Health J 2014, 18:2393-2407.

97. Li Y, Rosemberg MS, Seng JS: Allostatic load: a theoretical
model for understanding the relationship between maternal
posttraumatic stress disorder and adverse birth outcomes.
Midwifery 2018, 62:205-213.
Current Opinion in Physiology 2020, 13:155–165 
98. Jawaid A, Roszkowski M, Mansuy IM: Transgenerational
epigenetics of traumatic stress. Prog Mol Biol Transl Sci 2018,
158:273-298.

99. Chief Moon-Riley K, Copeland JL, Metz GAS, Currie CL: The
biological impacts of Indigenous residential school
attendance on the next generation. SSM Popul Health 2019,
7:100343.

100. Jones CW, Esteves KC, Gray SAO, Clarke TN, Callerame K,
Theall KP, Drury SS: The transgenerational transmission of
maternal adverse childhood experiences (ACEs): insights from
placental aging and infant autonomic nervous system
reactivity. Psychoneuroendocrinology 2019, 106:20-27.

101. Vågerö D, Rajaleid K: Does childhood trauma influence
offspring’s birth characteristics? Int J Epidemiol 2017, 46:219-
229.
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