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Abstract

Non-Hispanic blacks have higher mortality rates than non-Hispanic whites whereas Hispan-
ics have similar or lower mortality rates than non-Hispanic blacks and whites despite His-
panics’ lower education and access to health insurance coverage. This study examines
whether allostatic load, a proxy for cumulative biological risk, is associated with all-cause
and cardiovascular (CVD)-specific mortality risks in US adults; and whether these associa-
tions vary with race/ethnicity and further with age, sex and education across racial/ethnic
groups. Data from the third National Health and Nutritional Examination Survey (NHANES
I, 1988—1994) and the 2015 Linked Mortality File were used for adults 25 years or older (n
= 13,673 with 6,026 deaths). Cox proportional hazards regression was used to estimate the
associations of allostatic load scores (2 and >3 relative to <1) with a) all-cause and b) CVD-
specific mortality risk among NHANES 11 participants before and after controlling for
selected characteristics. Allostatic load scores are associated with higher all-cause and
CVD-specific mortality rates among U.S. adults aged 25 years or older, with stronger rates
observed for CVD-specific mortality. All-cause mortality rates for each racial/ethnic group
differed with age and education whereas for CVD-specific mortality rates, this difference
was observed for sex. Our findings of high allostatic load scores associated with all-cause
and CVD-specific mortality among US adults call attention to monitor conditions associated
with the allostatic load’s biomarkers to identify high-risk groups to help monitor social inequi-
ties in mortality risk, especially premature mortality.
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Introduction

In the United States (U.S.), there has been an increase in all-cause mortality rates between
2016 and 2017 (age-adjusted rates: 728.8/100,000 and 731.9/100,000, respectively).[1, 2]
These estimates vary by race/ethnicity: When compared to non-Hispanic whites, non-His-
panic blacks exhibited higher mortality rates whereas Hispanics had lower rates after adjust-
ing for age.[1, 3] However, these rates were lower for women than men regardless of race/
ethnicity.[1] The lower rates observed among Hispanics has been attributed to the Hispanic
paradox or an advantage on morbidity and mortality outcomes.[4] This advantage is
observed despite of non-Hispanic blacks and Hispanics sharing a minority status in the U.S.
and Hispanics being less educated and less likely to have insurance coverage than non-His-
panic blacks and whites.[5, 6] This paradox suggests that socioeconomic position may not
fully explain racial/ethnic mortality inequities. Therefore, there may be other mechanisms
for the non-Hispanic black-white gap. While age-adjusted mortality rates for cause-specific
mortality in the U.S. are not available according to race/ethnicity,[1, 7] heart disease mortal-
ity has decreased since 2000 (256.6/100,000 in 2000; 179.1/100,000 in 2010; and 165.0/
100,000 in 2017).[2]

A potential explanation for this gap is the embodiment of cumulative experiences of
social inequality and racism among non-Hispanic blacks leading to chronic stress or the
weathering hypothesis.[8] Evidence suggests that these experiences may disrupt allostasis
or the ability (or lack thereof) of physiological systems to respond and/or adapt to prolonged
or repeated stress.[9, 10] While there has not been a consistent definition to capture this
physiological change, allostatic load, a summary index of multi-system risk,[11] has been
associated with an increased mortality risk in the U.S.[12-16] and elsewhere.[17-19] How-
ever, only one study has examined allostatic load and cause-specific mortality (i.e., circula-
tory, neoplasm, respiratory, mental & behavioral, digestive and other) and found no
association.[17] In the U.S., Geronimus et al. found that non-Hispanic blacks exhibited a
higher allostatic load mean score than non-Hispanic whites.[20] Interestingly, this study
suggested that allostatic load mean score for non-Hispanic blacks was comparable to non-
Hispanic whites, who were 10 years older.[20] This finding is consistent with the “weather-
ing hypothesis”[8] or a premature health deterioration that may lead to early onset of
chronic diseases and/or premature death (i.e., death before 65 years of age). In the U.S.,
mortality rates increased for younger adults (<64 years) between 2011 and 2017 regardless
of race and ethnicity.[3]

Previous studies suggest that high allostatic load may be associated with low socioeconomic
position in the U.S.[16, 21] and elsewhere.[22-24] For instance, Seeman et al. showed an
inverse association between allostatic load scores and educational attainment among U.S.
adults aged 70 to 79 years.[16] Using NHANES data, Seeman et al. also found that the proba-
bility of having a low risk score for allostatic load increases with educational attainment
among U.S. adults aged 20 years or older.[21] However, this pattern differs by race/ethnicity
with non-Hispanic blacks and Mexican Americans showing a lower probability of having a
low score as education increases compared with non-Hispanic whites. Therefore, it is impera-
tive to examine the intertwined relationship among age, education and race/ethnicity as they
relate to allostatic load and mortality risk in the U.S.

Using data from the National Health and Nutrition Examination Survey (NHANES) III
linked to the 2015 mortality file, we examine whether allostatic load, using a cuamulative
biological risk index,[12, 21] is associated with all-cause and cardiovascular (CVD)-specific
mortality risks in U.S. adults 25 years of age or older; and whether these associations vary
with race/ethnicity and further with age, sex and education across racial/ethnic groups.
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Methods

We used publicly available data from NHANES III and the 2015 Linked Mortality File (LMF)
with follow up through December 31, 2015 from the Centers for Disease Control and Preven-
tion, National Center for Health Statistics (NCHS) website.[25] NHANES III is a national sur-
vey conducted to assess the health status of the civilian non-institutionalized US population
using a stratified multistage probability sample. More details on the sample design in
NHANES III have been reported elsewhere.[26] Briefly, NHANES used a stratified multistage
probability design of the total civilian noninstitutionalized population in the 50 states of the
US. The sampling design consisted of three stages: 1) primary sampling units, 2) segments
composed of city or suburban blocks, or combinations of blocks, and 3) households and cer-
tain types of groups quarters, such as dormitories. All households and eligible group quarters
in the sample segments were listed, and a subsample was designated for screening to identify
potential sample persons. NHANES III oversampled younger and older ages groups, as well as
non-Hispanic blacks and Hispanics to ensure precise estimates. For this analysis, NHANES III
publicly available household adult, examination, and laboratory datasets were linked with the
2015 public-use LMF.[27] These datasets are matched by NCHS using a standard methodology
described elsewhere.[13] Briefly, the NCHS probabilistic matching method used an algorithm
based on information for social security number, first name, middle initial, last name or sur-
name, month, day and year of birth, sex, father’s surname, state of birth, race, state of resi-
dence, and marital status.

We specified mortality status using the underlying cause of death (UCOD) based on the
International Classification of Diseases (ICD), Ninth and Tenth Revisions,[28] provided in the
LMEF dataset. For analytical purposes, we used the mortality status provided in the 2015 LMF
dataset to determine all-cause mortality and the UCOD values associated with ICD10 codes
100-109, 111-113, 120-151, and 160-169 to specify CVD-specific deaths. Time to death was speci-
fied in person-years from the date of the NHANES III interview through December 31, 2015:
For those who died, we used the interview date through the date of death; and for those alive
or assumed to be alive, from interview date to the end of follow-up.[29]

Consistent with previous studies,[12, 21] the allostatic load score or cumulative biological
risk profile was developed using biomarkers associated with specific organs and tissues: Car-
diovascular disease and atherosclerosis (systolic blood pressure, diastolic blood pressure, pulse,
high density lipoprotein and total cholesterol); metabolic syndrome (waist-to-hip ratio and
glycated hemoglobin); and inflammation (C-reactive protein and albumin).[9, 15, 30] We
used at-risk cut points for each biomarker collected as part of the lab data from the NHANES
III (1988-1994): albumin < 3.8 mg/dl; C-reactive protein > 0.3 mg/dl; total cholesterol > 240
mg/dl; High Density Lipoprotein (HDL) < 40 mg/dl; glycated hemoglobin > 6.4%; male
waist-to-hip ratio > 0.90/female waist-to-hip ratio > 0.85; systolic blood pressure > 140
mmHg; diastolic blood pressure > 90 mmHg; and resting heart rate > 90 beats/minute.[12,
21] Each biomarker was assigned a value of 1 if its’ value was at or above the at-risk cut point
and a value of 0 otherwise. We then summed the biomarker values to obtain the allostatic load
score for each individual. The allostatic load score has a range of 0 to 9 and using its distribu-
tion in the total population, it was categorized as <1, 2, and >3. We treated each biomarker
with an equal weight although each biomarker may not contribute equally to the allostatic load
score. However, while this specification of allostatic load score provides an adequate estimate
for the true effect of allostatic load on the outcome, the estimate may underestimate the true
effect.[31]

We included socio-demographic and health behavior characteristics considered by previ-
ous studies [12, 14, 16-18] as covariates. Age was specified as a continuous and a categorical

PLOS ONE | https://doi.org/10.1371/journal.pone.0228336  February 13, 2020 3/14


https://doi.org/10.1371/journal.pone.0228336

@ PLOS|ONE

Race/ethnicity, allostatic load and mortality risk among U.S. adults

(25-44, 45-64, or >65 years of age) variable. Sex was considered as collected by NHANES
(male/female). Race/ethnicity was self-reported by survey participants. For analytical pur-
poses, we included non-Hispanic white, non-Hispanic black, and Mexican American (hereaf-
ter, non-Hispanic black and non-Hispanic white will be referred to as black and white,
respectively). Marital status was specified as married, divorced, single and widowed. Education
attainment was collected as the highest year of education from 0 to 17 years and was catego-
rized as less than a high school diploma/general equivalency diploma (GED), high school
diploma/GED, and more than a high school diploma/GED. Total family 12-month income
during the past year was collected as a continuous variable with increments of $999.99 up to
$49,999 and $50,000 or over. Income was further categorized as <$14,999, $15,000-$24,999,
>$25,000 and missing.

Of the 20,050 records for US adults aged 17 or older in the household adult NHANES III
interview, we excluded records for individuals who were ineligible for follow-up (n = 452);
were younger than 25 years of age (n = 2,733); reported a race/ethnicity as “other” (n = 625);
did not have information on education (n = 177); did not have information on follow up time
(n =9); had a weight less than zero (n = 1,537); did not have information on mortality status
(n = 48); and had an allostatic load score of less than five (n = 796). These exclusions yielded
an analytical sample of 13,673, with 6,026 deaths (including 1,906 for CVD-specific causes)
and approximately 283,151,900.1 person-years (mean = 20.37, SE = 0.22; median = 22.75,
range: 0.08 to 27.17 years).

Statistical analysis

We calculated descriptive statistics for selected characteristics of the population according to
allostatic load score and for the total population. Specifically, we presented 1) the distribution
of the selected covariates according to allostatic load categories and for the total population; 2)
the prevalence of allostatic load score categories; and 3) the means and standard errors for
each biomarker and the allostatic load score according to death status and for the total popula-
tion. We also calculated death rates for all-cause and CVD-specific mortality per 100,000 per-
son-years according to allostatic load score categories.

We used Cox proportional hazards regression to estimate hazard ratios (HRs) and 95%
confidence intervals (Cls) and quantify the associations of allostatic load scores (2 and >3 rel-
ative to a score of <1) with a) all-cause and b) CVD-specific mortality risk among NHANES
III participants before and after controlling for selected characteristics. Specifically, we
adjusted for age, sex, race/ethnicity, education and income. Marital status was not considered
during the adjustment as it did not seem to affect these associations. We examined the pro-
portional hazards assumption using the Schoenfeld residuals [32] and non-violation was
observed that the hazards for any two individuals was constant over time. We compared the
allostatic load score categories for all-cause and CVD-specific mortality risks using Kaplan-
Meier survival curves and log-rank tests. In models for CVD-specific mortality, deaths attrib-
uted to other causes were treated as censored at the time the CVD-specific death occurred. To
determine heterogeneity of these associations with race/ethnicity and further with age, sex,
and education across racial/ethnic groups, interaction terms between 1) race/ethnicity and
allostatic load score; and 2) race/ethnicity, allostatic load score and each covariate, were tested
in the fully adjusted model. To avoid multicollinearity, each interaction was tested in a sepa-
rate model.

All data management procedures were conducted with SAS software (SAS Institute, Cary,
NC). Statistical analyses were conducted with SUDAAN software (RTI International, Research
Triangle Park, NC). SUDAAN accounts for the complex sampling design and yields unbiased
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standard error estimates. Sample sizes presented in Table 1 were un-weighted, but all other
estimates (proportions, standard errors, and HRs with their 95% Cls) were weighted.

Results

Consistent with the total population distribution, when compared to participants with an allo-
static load score of at least 1, those who have a score of 2 or > 3 were more likely to be older,
white, and widowed, but less likely to have a high school diploma, and report an income of less
than $15,000 (Table 1). We also observed that mortality rates are directly associated with allo-
static load score categories.
High allostatic scores were associated with older age, being black or Mexican American,

widowed, less educated and low income (Table 2).

Table 1. Distribution® of selected socio-demographic and health-related characteristics according to allostatic load categories for adults 25 years of age or older:

NHANES III-Linked Mortality File, 2015.

Allostatic Load Score Categories
<1 2 >3 Total
(n = 4,699) (n = 3,475) (n =5,499) (n=13,673)

Socio-Demographic®
Age

25-44 70.2 (1.75) 47.3(1.28) 28.9 (1.46) 51.0 (1.36)

45-64 21.8 (1.40) 32.1(1.18) 38.1 (1.01) 29.7 (0.76)

65+ 8.0 (0.76) 20.7 (1.28) 33.0 (1.50) 19.3 (1.05)

Male 42.4 (0.90) 55.1(1.19) 49.8 (1.15) 47.9 (0.49)
Race

White 85.5 (0.86) 84.0 (1.00) 82.7 (1.10) 84.2 (0.80)

Black 10.1 (0.69) 10.2 (0.77) 12.4 (0.95) 10.8 (0.67)

Mexican American 4.4 (0.42) 5.8 (0.54) 5.0 (0.43) 4.9 (0.40)
Marital Status

Married 69.1 (1.16) 70.6 (1.48) 67.1 (1.03) 68.8 (0.77)

Separated/Divorced 13.8 (0.77) 11.9 (1.09) 12.0 (0.75) 12.7 (0.55)

Single 13.7 (1.16) 11.9 (0.85) 7.0 (0.69) 10.3 (0.66)

Widow 3.7 (0.29) 8.6 (0.66) 14.0 (0.76) 8.2 (0.43)
Education

<12 years 16.4 (1.03) 25.9 (1.54) 33.5(1.48) 24.3 (1.11)

High school graduate 32.8 (1.10) 35.4 (1.66) 34.9 (1.32) 35.0 (0.80)

>12 years 50.9 (1.39) 38.7 (2.00) 31.6 (1.65) 41.6 (1.34)
Income

<$14,999 13.2 (0.93) 18.5 (1.24) 25.0 (1.26) 18.4 (1.92)

$15,000-24,999 17.9 (1.09) 18.3 (1.23) 19.3 (0.92) 18.5 (0.69)

>$25,000 64.4 (1.27) 56.8 (2.01) 48.3 (1.69) 57.2 (1.24)

Missing 4.5 (0.46) 6.4 (0.55) 7.5 (0.62) 5.9 (0.35)
Number of deaths

All cause 1,056 1,519 3,451 6,026

Rate per 100,000 person-years 702.2 1699.3 3105.4 1620.7

Cardiovascular Disease 263 486 1,157 1,906

Rate per 100,000 person-years 143.9 478.7 1007.7 468.3

* Proportions and standard errors.

https://doi.org/10.1371/journal.pone.0228336.t001
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Table 2. Prevalence® of allostatic load according to selected socio-demographic and health-related characteristics for adults 25 years of age or older: NHANES III--
Linked Mortality File, 2015.

Allostatic Load Score Categories
<1 2 >3
(n = 4,699) (n =3,475) (n = 5,499)

Overall 42.7 (1.18) 24.6 (0.73) 32.7 (1.22)
Socio-Demographic
Age

25-44 58.7 (1.41) 22.7 (0.99) 18.6 (1.21)

45-64 31.4 (1.54) 26.5 (1.08) 42.0 (1.64)

65+ 17.7 (1.11) 26.3 (1.19) 55.9 (1.80)

Male 37.8 (1.76) 28.2 (1.01) 34.0 (1.28)
Race

White 433 (1.32) 24.5 (0.86) 32.1(1.39)

Black 39.7 (1.30) 23.0 (0.85) 37.3 (1.50)

Mexican American 38.3(1.40) 28.8 (0.92) 32.9(1.31)
Marital Status

Married 42.9(1.33) 25.2 (0.86) 31.9 (1.41)

Separated/Divorced 46.1 (1.78) 23.0 (1.51) 30.9 (1.83)

Single 56.3 (2.58) 21.5(2.22) 22.2(1.79)

Widow 19.1 (1.57) 25.5(1.58) 55.4 (2.16)
Education

<12 years 28.8 (1.19) 26.1 (1.03) 45.1 (1.47)

High school graduate 41.0 (1.59) 25.5(1.16) 33.5(1.71)

>12 years 52.2 (1.56) 22.9(1.27) 24.9 (1.31)
Income

<$14,999 30.7 (1.74) 24.8 (1.31) 44.6 (1.74)

$15,000-24,999 41.5 (2.36) 24.4 (1.43) 34.1 (1.74)

>$25,000 48.0 (1.33) 24.3 (1.02) 27.6 (1.13)

Missing 32.3(2.37) 26.5 (1.77) 412 (2.53)

* Proportions and standard errors

https://doi.org/10.1371/journal.pone.0228336.t002

Participants who died were more likely to be above the at-risk cut points for the allostatic
load biomarkers. The mean allostatic load score was significantly higher for those who died
than for those who did not die (Table 3).

Table 4 presents the unadjusted and adjusted hazard rates for allostatic load scores for all-
cause and CVD-specific mortality for NHANES III participants. Compared to participants
with an allostatic load score of <1, those with an allostatic load score of 2 and >3 had a rate of
dying of 2.47 (95%CI: 2.20-2.78) and 4.67 (95%CI: 4.22-5.16) times greater, respectively (Fig
1A). The hazard rates were attenuated but remained significant after controlling for age, sex,
race/ethnicity, education and income. Regarding CVD-specific mortality, hazard rates
increased with high allostatic load scores (Fig 1B). After adjustment for age, sex, race/ethnicity,
education and income, the rates of dying for a CVD-specific cause were 1.58 (95%: 1.22, 2.04)
and 2.24 (95%CI: 1.82, 2.76) times greater among adults with an allostatic load score of 2 and
>3, respectively, compared with their counterparts with a score of at least 1.

We found racial/ethnic heterogeneity of the association of allostatic load scores with all-
cause mortality (p-interaction = 0.005) and with CVD (p = 0.007). We observed significant
associations of allostatic load scores > 3 and all-cause mortality regardless of race/ethnicity
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Table 3. Descriptive statistics for biomarkers and allostatic load score for adults 25 years of age or older: NHANES III-Linked Mortality File, 2015.

Biological indicator
Albumin <3.8 mg/dl
C-reactive protein >0.3 mg/dl
Cholesterol > 240 mg/dl
HDL <40 mg/dl
A1C > 6.4%
Waist-to-hip ratio
Systolic BP > 140 mmHg
Diastolic BP > 90 mmHg
Pulse > 90 beats/min

Allostatic load score

* Means and standard errors.

Alive Dead® P-Value Total
(n=7,647) (n =6,026) (n=13,673)
8.2 (0.79) 16.4 (1.61) <0.01 10.9 (0.90)
24.7 (1.27) 41.4(1.63) <0.01 30.2 (1.30)
17.2 (0.74) 29.7 (0.82) <0.01 21.3 (0.65)
22.5 (0.94) 27.5(1.21) 0.01 242 (0.87)
2.5(0.29) 14.5 (0.71) <0.01 6.4 (0.37)
60.1 (1.23) 86.2 (0.76) <0.01 68.7 (0.98)
7.3 (0.45) 38.7 (1.26) <0.01 17.4 (0.80)
6.6 (0.48) 8.1 (0.49) 0.01 7.1(0.41)
9.1 (0.68) 14.0 (0.79) <0.01 10.6 (0.62)
1.57 (0.04) 2.72 (0.05) <0.01 1.95 (0.04)

® Proportions represent those with values equal or above the ones next to each indicator. For waist-to-hip ratio, the values were >90 for male and >85 for female.

https://doi.org/10.1371/journal.pone.0228336.t003

(Table 5). However, these associations were stronger among blacks (HR: 1.80; 96%CI: 1.52,
2.14) and whites (HR: 1.72 96%CI: 1.52, 2.14) than Mexican Americans (HR: 1.47; 96%CI:
1.18, 1.82). For CVD, these associations were only observed among whites and blacks with
whites having a greater rate of dying associated with allostatic load scores > 3 than blacks. It is
worth noting that an allostatic load score of 2 was associated with all-cause and CVD-specific
mortality risk among whites only.

When examining racial/ethnic heterogeneity of the associations between allostatic load
scores and mortality outcomes according to age, sex and education, no interaction was
observed between race/ethnicity, sex and allostatic load scores (p = 0.20) for all-cause mortal-
ity; and race/ethnicity, age groups and allostatic load scores (p = 0.42) and race/ethnicity, edu-
cation, and allostatic load score (p = 0.62) for CVD-specific mortality. However, we observed
interactions between race/ethnicity, age groups and allostatic load score (p = 0.03) and race/
ethnicity, education and allostatic load score (p = 0.02) for all cause-mortality; and race/ethnic-
ity, sex and allostatic load score (p = 0.03) for CVD-specific mortality.

Table 4. Crude and adjusted hazard ratios” of all-cause and CVD-specific mortality risk for allostatic load score
categories: NHANES III-Linked Mortality File, 2015.

Unadjusted Adjusted
All-cause
Allostatic load score
<1 1.00 1.00
2 2.47 (2.20, 2.78) 1.31 (1.17, 1.47)
>3 4.67 (4.22,5.16) 1.71 (1.54, 1.90)
CVD-specific
Allostatic load score
<1 1.00 1.00
2 3.35 (2.60, 4.31) 1.58 (1.22, 2.04)
>3 7.12 (5.96, 8.51) 2.24 (1.82,2.76)

* Adjusted for age, sex, race/ethnicity, education and income.

https://doi.org/10.1371/journal.pone.0228336.1004
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Fig 1. Kaplan-Meier curves for A) all-cause and B) CVD-specific mortality risks according to allostatic load score categories: NHANES III-Linked
Mortality File, 2015 (P-values for log-rank test <0.001).

https://doi.org/10.1371/journal.pone.0228336.9001

Table 6 presents the adjusted hazard ratios and 95% ClIs for the association between allo-
static load scores and all-cause mortality for each racial/ethnic group stratified by age group
and education. For whites ages 25-44 years, the rates of dying for all-cause were 2.31 (95%CI:
1.66, 3.20) and 3.00 (95%CI: 1.89, 4.76) greater than their peers with a score of at least 1. For
blacks (HR:2.50; 95%CI: 1.91, 3.29) and Mexican Americans (HR:1.61; 95%CI: 1.22, 2.13) of
similar age, the rates of dying were only significant for those with an allostatic load score > 3.
For adults ages 45-64 years, higher rates for all-cause mortality were observed for non-His-
panic whites with allostatic load scores 2 and >3 (HR:1.40; 95%CI:1.06-1.85 and HR:2.20;
95%CI:1.79-2.71, respectively). However, for blacks and Mexican Americans, the rates of
dying were only observed among those with an allostatic load score >3. Finally, for those 65
years and older, only whites (HR:1.52; 95%CI: 1.28, 1.81) and blacks (HR:1.25; 95%CI: 1.56,
2.11) had higher rates of all-cause mortality for those with an allostatic load score of >3 com-
pared to their peers with a score of <1.

Among adults with less than 12 years of education, the rates of dying were associated with
at least a 36% greater rate among adults with an allostatic load score > 3 compared to those
with an allostatic load score of <1 regardless of race/ethnicity (Table 6). For those who com-
pleted a high school degree, the rates of dying were 1.61 and 1.78 times greater for whites with

Table 5. Adjusted hazard ratios® of CVD-specific mortality risk for allostatic load score categories according to
racial/ethnic groups: NHANES III-Linked Mortality File, 2015.

Non-Hispanic White Non-Hispanic Black Mexican American
All-cause
Allostatic load score
<1 1.00 1.00 1.00
2 1.35 (1.18, 1.54) 1.19 (0.95, 1.49) 0.98 (0.78, 1.25)
>3 1.72 (1.52, 1.94) 1.80 (1.52, 2.14) 1.47 (1.18,1.82)

CVD-specific

Allostatic load score

<1 1.00 1.00 1.00
2 1.67 (1.26, 2.21) 1.27 (0.88, 1.83) 0.85 (0.47, 1.52)
>3 2.34(1.87,2.92) 1.71 (1.23, 2.40) 1.66 (0.97, 2.84)

*Adjusted for age, sex, education and income.

https://doi.org/10.1371/journal.pone.0228336.t1005
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Table 6. Adjusted hazard ratios of all-cause mortality risk for allostatic load score categories for racial/ethnic groups according to age and education: NHANES III--

Linked Mortality File, 2015.

Non-Hispanic White Non-Hispanic Black Mexican American
Age groups®
Age 25-44
Allostatic load score
<1 1.00 1.00 1.00

2 2.31 (1.66, 3.20) 1.23 (0.90, 1.67) 0.96 (0.67, 1.39)
>3 3.00 (1.89, 4.76) 2.50 (1.91, 3.29) 161 (1.22, 2.13)
Age 45-64
Allostatic load score
<1 1.00 1.00 1.00

2 1.40 (1.06, 1.85) 1.20 (0.78, 1.85) 1.34(0.91, 1.97)
>3 2.20 (1.79, 2.71) 2.22(1.57,3.12) 2.32(1.73,3.13)
Age 65+
Allostatic load score
<1 1.00 1.00 1.00

2 1.22(0.99, 1.49) 1.35(0.92, 1.97) 1.27 (0.77, 2.10)
>3 1.52(1.28,1.81) 1.25(1.56, 2.11) 1.42 (0.90, 2.25)
Education®
<12 year
Allostatic load score
<1 1.00 1.00 1.00
2 1.17 (0.93, 1.47) 1.14 (0.85, 1.55) 0.90 (0.69, 1.17)
>3 1.58 (1.29, 1.94) 1.67 (1.30, 2.15) 1.36 (1.06, 1.75)
High school graduate
Allostatic load score
<1 1.00 1.00 1.00
2 1.61 (1.26, 2.06) 1.20 (0.83, 1.73) 0.77 (0.39, 1.51)
>3 1.78 (1.50, 2.11) 2.06 (1.57, 2.70) 1.15 (0.68, 1.96)
>12 years
Allostatic load score
<1 1.00 1.00 1.00
2 1.22 (1.01, 1.47) 1.19 (0.72, 1.98) 1.87 (1.06, 3.32)
>3 1.72 (1.45, 2.05) 1.63 (1.08, 2.47) 2.83(1.51,5.33)

* Adjusted for sex, education and income.
® Adjusted for age, sex and income.

https://doi.org/10.1371/journal.pone.0228336.t006

an allostatic load score of 2 and >3, respectively, as compared with their counterparts with a
score of <1. An increased rate of dying was only observed among blacks with an allostatic load
score >3 (HR:2.06; 95%CI: 1.57, 2.70). Among those with more than 12 years of education,
when compared with their counterparts with an allostatic load score of <1, non-Hispanic
whites and Mexican Americans exhibited higher death rates associated with at least an allo-
static load score of 2 whereas for blacks a higher rate was observed for those with a score >3.
For sex, white men and women had higher rates of CVD-specific mortality associated with
allostatic load scores of at least 2 compared with their counterparts with a score of <1
(Table 7). However, hazard rates were stronger among women than among men. For blacks,
the association between allostatic load scores and CVD-specific mortality was only significant
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Table 7. Adjusted hazard ratios” of CVD-specific mortality risk for allostatic load score categories for racial/eth-

nic groups according to sex: NHANES III-Linked Mortality File, 2015.

Allostatic load score
<1

[3S]

>3

Allostatic load score
<1

[\S]

>3

Non-Hispanic White

1.00
1.81 (1.23, 2.66)
2.84(2.11,3.82)

1.00
1.66 (1.18, 2.33)
2.05 (1.47, 2.88)

Non-Hispanic Black

Men

1.00
0.96 (0.54, 1.69)
1.50 (0.92, 2.44)

Women

1.00
1.89 (1.19, 3.01)
2.20 (1.32, 3.66)

Mexican American

1.00
0.78 (0.39, 1.56)
1.45 (0.82, 2.54)

1.00
0.98 (0.41, 2.33)
2.28 (0.85, 6.14)

*Adjusted for age, education and income

https://doi.org/10.1371/journal.pone.0228336.t007

among women: those with a score of 2 and > 3 had a rate of dying of at least 89% greater than
their peers with a score of <1.

Discussion

Consistent with previous studies, [12-19] we found that high allostatic load scores are associ-
ated with all-cause mortality rates among U.S. adults aged 25 years or older. However, and in
contrast to a previous study,[17] we found that high allostatic load scores are associated with
CVD-specific mortality and these rates were stronger for CVD-specific than for all-cause mor-
tality. Moreover, we found racial/ethnic heterogeneity of the associations of allostatic load
scores with all-cause and CVD-specific mortality risks. However, we observed further racial/
ethnic heterogeneity of these associations by age, sex and education. All-cause mortality rates
for each racial/ethnic group differed with age and education whereas for CVD-specific mortal-
ity rates, this difference was observed for sex only. Allostatic load scores > 3 were associated
with an increased rate of dying of any cause among adults younger than 64 years of age regard-
less of race/ethnicity. However, the rate was stronger for Mexican Americans ages 45-64 years.
For adults aged 65 or older, whites and blacks with a score >3 had an increased rate of dying
compared to their counterparts with a score of at least 1. Among adults with less than a high
school education, we found that those with a score of >3 had a higher rate of all-cause mortal-
ity regardless of race/ethnicity whereas for those with a high school diploma, whites with at
least a score of 2 and blacks with a score of >3 had higher rates of dying. Allostatic load scores
of >3 were associated with a greater rate of all-cause mortality among adults with more than
12 years of education regardless of race/ethnicity. However, Mexican Americans had the stron-
ger rate of dying. For CVD-specific mortality, whites with an allostatic load score of at least 2
had higher rates of dying regardless of sex. Rates were stronger for men than for women. For
blacks, allostatic load scores of at least 2 were associated with CVD-specific mortality rate
among women only.

We found stronger rates of all-cause mortality associated with allostatic load among adults
younger than 65 years regardless of race/ethnicity. This finding is consistent with the weather-
ing hypothesis [8] suggesting that allostatic load may have a greater effect on physiological sys-
tems at younger ages than later in life. Moreover, the latter may call our attention to the role of
chronic stress early in life and its effect on premature death. Interestingly, among adults 65
years or older, this association was only observed among whites and blacks with a score of >3.
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Low education has been found to be associated with high allostatic load.[23] In addition,
education can set an individual socioeconomic trajectory [33] and has a socioeconomic posi-
tion effect throughout life course.[34] However, no study has examined the role of education
on the association between allostatic load scores and mortality risk. Our findings for education
across racial/ethnic groups are interesting for several reasons: First, we observed an association
between allostatic load scores and all-cause mortality among those with less than a high school
education regardless of race/ethnicity. It is worth noting that Mexican Americans exhibited
the weakest association. Second, this association was observed among whites and blacks with a
high school diploma or GED. Third, while this association was observed among those with an
educational attainment greater than 12 years regardless of race/ethnicity, this association was
stronger among Mexican Americans. Taken together, these findings underscore the role of
socioeconomic position as a fundamental cause or resources that may prevent, reduce or avoid
morbidity and premature mortality.[35-37] However, these resources may have a differential
effect based on individuals’ race/ethnicity. Our findings show that these resources may not
work well in the presence of chronic stress as captured by allostatic load. For instance, the
stronger all-cause mortality rates observed among highly educated Mexican Americans suggest
that they may not get the same return from education as their white and black counterparts
do. The latter may be consistent with the potential explanation of social support associated
with the Hispanic paradox and infant mortality.[38] Evidence suggests that social support may
be protective against infant mortality risk and may provide a buffer that may protect against
environmental stressors.[39, 40] It is possible that highly educated Mexican Americans may
lose the benefit of the social connections, and thus, feel isolated. Finally, we found significant
associations between allostatic load scores and CVD-specific mortality risk in white men and
women as well as in black women. A previous study examining allostatic load and cause-spe-
cific mortality among Scottish adults[17] found neither an association between allostatic load
with circulatory diseases system nor examined variation by sex or gender.

This study has both limitations and strengths. First, this study used the public-use version
of the LMF. When compared to the restricted data, the public data include limited mortality
information and small perturbations for a small, selected number of records. However, a com-
parison of the previous release of the public- and restricted-use linked mortality files found
similar results for all-cause and selected cause-specific mortality including CVD-specific mor-
tality.[29] Therefore, our results may not be affected by the use of the publicly available data.
Another limitation may be related to the willingness to participate in NHANES III. If individu-
als who agreed to participate in the NHANES III were different from those who refused to
participate, it is possible that our results could be under- or over-estimated. In addition, it is
possible that individuals 65 years or older included in the analyses may be different than their
counterparts who die, and thus, may introduce survival bias. However, this bias may affect all
studies including adults 65 years and older. Among the strengths of this study are the use of a
nationally representative sample of non-Hispanic blacks and whites as well as Mexican Ameri-
cans. Other strengths include the large sample size and number of outcomes. The latter
allowed us to control for selected covariates and examine effect measure modifications or sta-
tistical interactions. Finally, NHANES included the biomarkers needed to capture allostatic
load.

We found that allostatic load score was associated all-cause and CVD-specific mortality
among U.S. adults aged 25 years or older, with the strongest associations for CVD-specific
mortality. Moreover, we observed racial/ethnic heterogeneity associated with age and educa-
tion and for all-cause mortality and for sex for CVD-specific mortality. The findings for age
and education underscored a stronger effect of allostatic load in young adults and that educa-
tion may not have the same return across racial/ethnic groups. Mexican Americans ages 45 to
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64 and the highly educated carry the greater burden of mortality associated with allostatic
load. The stronger associations observed for allostatic load scores and CVD-specific mortality
calls attention to the biomarkers used in the score, individually or combined, as red flags for
cardiovascular disease morbidity and mortality. Further studies should monitor chronic con-
ditions associated with the biomarkers used to define allostatic load to identify high-risk
groups to help monitor social inequities in mortality risk, especially premature mortality.

Author Contributions

Conceptualization: Luisa N. Borrell.

Data curation: Luisa N. Borrell.

Formal analysis: Luisa N. Borrell.

Investigation: Luisa N. Borrell.

Methodology: Luisa N. Borrell, Elena Rodriguez- Alvarez, Florence J. Dallo.
Writing - original draft: Luisa N. Borrell.

Writing - review & editing: Luisa N. Borrell, Elena Rodriguez-Alvarez, Florence J. Dallo.

References

1. Murphy SL, Xu J, Kochanek KD, Arias E. Mortality in the United States, 2017. NCHS Data Brief. 2018;
(328):1-8. Epub 2018/12/01. PMID: 30500322

2. Kochanek KD, Murphy SL, Xu JQ, Arias E. Deaths: Final data for 2017. Hyattsville, MD: National Cen-
ter for Health Statistics., 2019.

3. Curtin SC, Arias E. Mortality Trends by Race and Ethnicity Among Adults Aged 25 and over: United
States, 2000-2017. NCHS Data Brief. 2019;(342):1-8. Epub 2019/08/24. PMID: 31442191

4. Markides KS, Coreil J. The health of Hispanics in the southwestern United States: an epidemiologic par-
adox. Public Health Rep. 1986; 101(3):253-65. Epub 1986/05/01. PMID: 3086917

5. Berchick ER, Hood E, Barnett JC. Current Population Reports, P60-264. Health Insurance Coverage in
the United States: 2017. Washington, DC: U.S. Government Printing Office, 2018.

6. Ryan CL, Bauman K. Current Population Reports, P60-264. Educational attainment in the United
Stated: 2015. Washington, DC: 2016.

7. Heron M. Deaths: Leading Causes for 2017. National Vital Statistics Reports. 2019; 68(6):1-77.

Geronimus AT. The weathering hypothesis and the health of African-American women and infants: evi-
dence and speculations. Ethn Dis. 1992; 2(3):207—21. Epub 1992/01/01. PMID: 1467758

9. McEwen BS. Protective and damaging effects of stress mediators. N Engl J Med. 1998; 338(3):171-9.
Epub 1998/01/15. https://doi.org/10.1056/NEJM199801 153380307 PMID: 9428819

10. McEwen BS. Stress, adaptation, and disease. Allostasis and allostatic load. Ann N Y Acad Sci. 1998;
840:33-44. Epub 1998/06/18. https://doi.org/10.1111/j.1749-6632.1998.tb09546.x PMID: 9629234

11. McEwen BS, Stellar E. Stress and the individual. Mechanisms leading to disease. Arch Intern Med.
1993; 153(18):2093—101. Epub 1993/09/27. PMID: 8379800

12. Borrell LN, Dallo FJ, Nguyen N. Racial/ethnic disparities in all-cause mortality in U.S. adults: the effect
of allostatic load. Public Health Rep. 2010; 125(6):810—-6. Epub 2010/12/083. https://doi.org/10.1177/
003335491012500608 PMID: 21121226

13. Duru OK, Harawa NT, Kermah D, Norris KC. Allostatic load burden and racial disparities in mortality. J
Natl Med Assoc. 2012; 104(1-2):89-95. Epub 2012/06/20. https://doi.org/10.1016/s0027-9684(15)
30120-6 PMID: 22708252

14. Howard JT, Sparks PJ. The Effects of Allostatic Load on Racial/Ethnic Mortality Differences in the
United States. Population Research and Policy Review. 2016; 35(4):421-43. https://doi.org/10.1007/
s11113-016-9382-4

15. Karlamangla AS, Singer BH, Seeman TE. Reduction in allostatic load in older adults is associated with
lower all-cause mortality risk: MacArthur studies of successful aging. Psychosom Med. 2006; 68
(3):500—7. Epub 2006/06/02. https://doi.org/10.1097/01.psy.0000221270.93985.82 PMID: 16738085

PLOS ONE | https://doi.org/10.1371/journal.pone.0228336  February 13, 2020 12/14


http://www.ncbi.nlm.nih.gov/pubmed/30500322
http://www.ncbi.nlm.nih.gov/pubmed/31442191
http://www.ncbi.nlm.nih.gov/pubmed/3086917
http://www.ncbi.nlm.nih.gov/pubmed/1467758
https://doi.org/10.1056/NEJM199801153380307
http://www.ncbi.nlm.nih.gov/pubmed/9428819
https://doi.org/10.1111/j.1749-6632.1998.tb09546.x
http://www.ncbi.nlm.nih.gov/pubmed/9629234
http://www.ncbi.nlm.nih.gov/pubmed/8379800
https://doi.org/10.1177/003335491012500608
https://doi.org/10.1177/003335491012500608
http://www.ncbi.nlm.nih.gov/pubmed/21121226
https://doi.org/10.1016/s0027-9684(15)30120-6
https://doi.org/10.1016/s0027-9684(15)30120-6
http://www.ncbi.nlm.nih.gov/pubmed/22708252
https://doi.org/10.1007/s11113-016-9382-4
https://doi.org/10.1007/s11113-016-9382-4
https://doi.org/10.1097/01.psy.0000221270.93985.82
http://www.ncbi.nlm.nih.gov/pubmed/16738085
https://doi.org/10.1371/journal.pone.0228336

@ PLOS|ONE

Race/ethnicity, allostatic load and mortality risk among U.S. adults

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Seeman TE, Crimmins E, Huang MH, Singer B, Bucur A, Gruenewald T, et al. Cumulative biological risk
and socio-economic differences in mortality: MacArthur studies of successful aging. Soc Sci Med. 2004;
58(10):1985-97. Epub 2004/03/17. https://doi.org/10.1016/S0277-9536(03)00402-7 PMID: 15020014

Robertson T, Beveridge G, Bromley C. Allostatic load as a predictor of all-cause and cause-specific
mortality in the general population: Evidence from the Scottish Health Survey. PLoS One. 2017; 12(8):
e0183297. Epub 2017/08/17. hitps://doi.org/10.1371/journal.pone.0183297 PMID: 28813505

Castagne R, Gares V, Karimi M, Chadeau-Hyam M, Vineis P, Delpierre C, et al. Allostatic load and sub-
sequent all-cause mortality: which biological markers drive the relationship? Findings from a UK birth
cohort. Eur J Epidemiol. 2018; 33(5):441-58. Epub 2018/02/25. https://doi.org/10.1007/s10654-018-
0364-1 PMID: 29476357

Hwang AC, Peng LN, Wen YW, Tsai YW, Chang LC, Chiou ST, et al. Predicting all-cause and cause-
specific mortality by static and dynamic measurements of allostatic load: a 10-year population-based

cohort study in Taiwan. J Am Med Dir Assoc. 2014; 15(7):490-6. Epub 2014/03/19. https://doi.org/10.
1016/j.jamda.2014.02.001 PMID: 24631353

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(5):826—33. Epub 2005/12/
29. https://doi.org/10.2105/AJPH.2004.060749 PMID: 16380565

Seeman T, Merkin SS, Crimmins E, Koretz B, Charette S, Karlamangla A. Education, income and eth-
nic differences in cumulative biological risk profiles in a national sample of US adults: NHANES IlI
(1988-1994). Soc Sci Med. 2008; 66(1):72—87. Epub 2007/10/09. https://doi.org/10.1016/j.socscimed.
2007.08.027 PMID: 17920177

Robertson T, Benzeval M, Whitley E, Popham F. The role of material, psychosocial and behavioral fac-
tors in mediating the association between socioeconomic position and allostatic load (measured by car-
diovascular, metabolic and inflammatory markers). Brain Behav Immun. 2015; 45:41-9. Epub 2014/12/
03. https://doi.org/10.1016/j.bbi.2014.10.005 PMID: 25459100

Robertson T, Watts E. The importance of age, sex and place in understanding socioeconomic inequali-
ties in allostatic load: Evidence from the Scottish Health Survey (2008—-2011). BMC Public Health.
2016; 16:126. Epub 2016/02/10. https://doi.org/10.1186/s12889-016-2796-4 PMID: 26856976

Barboza Solis C, Fantin R, Castagne R, Lang T, Delpierre C, Kelly-Irving M. Mediating pathways
between parental socio-economic position and allostatic load in mid-life: Findings from the 1958 British
birth cohort. Soc Sci Med. 2016; 165:19-27. Epub 2016/08/04. https://doi.org/10.1016/j.socscimed.
2016.07.031 PMID: 27485729

Centers for Disease Control and Prevention. National Center for Health Statistics. 2015 Public-use
linked mortality files. https://www.cdc.gov/nchs/data-linkage/mortality-public.htm. 2019.

Plan and operation of the Third National Health and Nutrition Examination Survey, 1988—1994. National
Center for Health Statistics. Vital Health Stat. 1994; 1(32):1—407.

National Center for Health Statistics. Office of Analysis and Epidemiology. Public-use Linked Mortality
File. Hyattsville, Maryland: 2015.

Anderson RN, Minino AM, Hoyert DL, Rosenberg HM. Comparability of cause of death between ICD-9
and ICD-10: preliminary estimates. Natl Vital Stat Rep. 2001; 49(2):1-32. Epub 2001/05/31. PMID:
11381674

Data Linkage Team. Comparative analysis of the NHANES Ill public-use and restricted-use linked mor-
tality files: 2010 public-use data release Hyattsville, MD: National Center for Health Statistics; 2010
[cited 2019 November 13]. http://www.cdc.gov/nchs/data/datalinkage/nhanes3_mort_compare 2010 _
final.pdf.

McEwen BS, Seeman T. Protective and damaging effects of mediators of stress. Elaborating and test-
ing the concepts of allostasis and allostatic load. Ann N'Y Acad Sci. 1999; 896:30—47. Epub 2000/02/
22. https://doi.org/10.1111/j.1749-6632.1999.tb08103.x PMID: 10681886

Karlamangla AS, Singer BH, McEwen BS, Rowe JW, Seeman TE. Allostatic load as a predictor of func-
tional decline. MacArthur studies of successful aging. J Clin Epidemiol. 2002; 55(7):696—710. Epub
2002/08/06. https://doi.org/10.1016/s0895-4356(02)00399-2 PMID: 12160918

Grambasch PM, Therneau TM. Proportional hazards tests and diagnostics based on weighted residu-
als. Biometrika. 1994; 81(3):515-26. https://doi.org/10.1093/biomet/81.3.515

Steptoe A, Hamer M, Butcher L, Lin J, Brydon L, Kivimaki M, et al. Educational attainment but not mea-
sures of current socioeconomic circumstances are associated with leukocyte telomere length in healthy
older men and women. Brain Behav Immun. 2011; 25(7):1292-8. Epub 2011/05/04. https://doi.org/10.
1016/j.bbi.2011.04.010 PMID: 21536122

Grundy E, Holt G. The socioeconomic status of older adults: how should we measure it in studies of
health inequalities? J Epidemiol Community Health. 2001; 55(12):895-904. Epub 2001/11/15. https://
doi.org/10.1136/jech.55.12.895 PMID: 11707484

PLOS ONE | https://doi.org/10.1371/journal.pone.0228336  February 13, 2020 13/14


https://doi.org/10.1016/S0277-9536(03)00402-7
http://www.ncbi.nlm.nih.gov/pubmed/15020014
https://doi.org/10.1371/journal.pone.0183297
http://www.ncbi.nlm.nih.gov/pubmed/28813505
https://doi.org/10.1007/s10654-018-0364-1
https://doi.org/10.1007/s10654-018-0364-1
http://www.ncbi.nlm.nih.gov/pubmed/29476357
https://doi.org/10.1016/j.jamda.2014.02.001
https://doi.org/10.1016/j.jamda.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24631353
https://doi.org/10.2105/AJPH.2004.060749
http://www.ncbi.nlm.nih.gov/pubmed/16380565
https://doi.org/10.1016/j.socscimed.2007.08.027
https://doi.org/10.1016/j.socscimed.2007.08.027
http://www.ncbi.nlm.nih.gov/pubmed/17920177
https://doi.org/10.1016/j.bbi.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25459100
https://doi.org/10.1186/s12889-016-2796-4
http://www.ncbi.nlm.nih.gov/pubmed/26856976
https://doi.org/10.1016/j.socscimed.2016.07.031
https://doi.org/10.1016/j.socscimed.2016.07.031
http://www.ncbi.nlm.nih.gov/pubmed/27485729
https://www.cdc.gov/nchs/data-linkage/mortality-public.htm
http://www.ncbi.nlm.nih.gov/pubmed/11381674
http://www.cdc.gov/nchs/data/datalinkage/nhanes3_mort_compare_2010_final.pdf
http://www.cdc.gov/nchs/data/datalinkage/nhanes3_mort_compare_2010_final.pdf
https://doi.org/10.1111/j.1749-6632.1999.tb08103.x
http://www.ncbi.nlm.nih.gov/pubmed/10681886
https://doi.org/10.1016/s0895-4356(02)00399-2
http://www.ncbi.nlm.nih.gov/pubmed/12160918
https://doi.org/10.1093/biomet/81.3.515
https://doi.org/10.1016/j.bbi.2011.04.010
https://doi.org/10.1016/j.bbi.2011.04.010
http://www.ncbi.nlm.nih.gov/pubmed/21536122
https://doi.org/10.1136/jech.55.12.895
https://doi.org/10.1136/jech.55.12.895
http://www.ncbi.nlm.nih.gov/pubmed/11707484
https://doi.org/10.1371/journal.pone.0228336

@ PLOS|ONE

Race/ethnicity, allostatic load and mortality risk among U.S. adults

35.

36.

37.

38.

39.

40.

Link BG, Phelan J. Social conditions as fundamental causes of disease. J Health Soc Behav. 1995;
Spec No:80-94. Epub 1995/01/01. PMID: 7560851

Krueger PM, Tran MK, Hummer RA, Chang VW. Mortality Attributable to Low Levels of Education in the
United States. PLoS One. 2015; 10(7):e0131809. Epub 2015/07/15. https://doi.org/10.1371/journal.
pone.0131809 PMID: 26153885

Hummer RA, Hernandez EM. The Effect of Educational Attainment on Adult Mortality in the United
States. Popul Bull. 2013; 68(1):1-16. Epub 2013/06/01. PMID: 25995521

Acevedo-Garcia D, Soobader MJ, Berkman LF. The differential effect of foreign-born status on low birth
weight by race/ethnicity and education. Pediatrics. 2005; 115(1):20-30. https://doi.org/10.1542/peds.
2004-1306 PMID: 15629963

Finch BK, Vega WA. Acculturation stress, social support, and self-rated health among Latinos in Califor-
nia. J Immigr Health. 2003; 5(3):109—17. Epub 2003/09/27. https://doi.org/10.1023/a:1023987717921
PMID: 14512765

Fox M, Entringer S, Buss C, DeHaene J, Wadhwa PD. Intergenerational transmission of the effects of
acculturation on health in Hispanic Americans: a fetal programming perspective. Am J Public Health.
2015; 105 Suppl 3:5409-23. Epub 2015/04/24. https://doi.org/10.2105/AJPH.2015.302571 PMID:
25905831

PLOS ONE | https://doi.org/10.1371/journal.pone.0228336  February 13, 2020 14/14


http://www.ncbi.nlm.nih.gov/pubmed/7560851
https://doi.org/10.1371/journal.pone.0131809
https://doi.org/10.1371/journal.pone.0131809
http://www.ncbi.nlm.nih.gov/pubmed/26153885
http://www.ncbi.nlm.nih.gov/pubmed/25995521
https://doi.org/10.1542/peds.2004-1306
https://doi.org/10.1542/peds.2004-1306
http://www.ncbi.nlm.nih.gov/pubmed/15629963
https://doi.org/10.1023/a:1023987717921
http://www.ncbi.nlm.nih.gov/pubmed/14512765
https://doi.org/10.2105/AJPH.2015.302571
http://www.ncbi.nlm.nih.gov/pubmed/25905831
https://doi.org/10.1371/journal.pone.0228336

