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Abstract

Background

Life expectancy at birth in the United States will likely surpass 80 years in the coming

decade. Yet recent studies suggest that longevity gains are unevenly shared across age

and socioeconomic groups. First, mortality in midlife has risen among non-Hispanic whites.

Second, low-educated whites have suffered stalls (men) or declines (women) in adult life

expectancy, which is significantly lower than among their college-educated counterparts.

Estimating the number of life years lost or gained by age and cause of death, broken down

by educational attainment, is crucial in identifying vulnerable populations.

Methods and Findings

Using U.S. vital statistics data from 1990 to 2010, this study decomposes the change in life

expectancy at age 25 by age and cause of death across educational attainment groups,

broken down by race and gender. The findings reveal that mortality in midlife increased for

white women (and to a lesser extent men) with 12 or fewer years of schooling, accounting

for most of the stalls or declines in adult life expectancy observed in those groups. Among

blacks, mortality declined in nearly all age and educational attainment groups. Although an

educational gradient was found across multiple causes of death, between 60 and 80 per-

cent of the gap in adult life expectancy was explained by cardiovascular diseases, smok-

ing-related diseases, and external causes of death. Furthermore, the number of life years

lost to smoking-related, external, and other causes of death increased among low- and

high school-educated whites, explaining recent stalls or declines in longevity.

Conclusions

Large segments of the American population—particularly low- and high school-educated

whites under age 55—are diverging from their college-educated counterparts and losing

additional years of life to smoking-related diseases and external causes of death. If this
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trend continues, old-age mortality may also increase for these birth cohorts in the coming

decades.

Introduction

Life expectancy at birth in the United States is currently estimated at 78.7 years for men and
women combined—a 31-year increase since 1900—and is projected to surpass 80 years within
the next decade [1,2]. At the same time, socioeconomicdisparities in adult mortality, especially
whenmeasured via educational attainment, are greater than ever. The lifespans of low-edu-
cated Americans are shorter, on average, and exhibit more variability than those of their col-
lege-educated counterparts [3–9]. Low-educated whites in particular have been subjected to
increasingmortality rates in midlife [10] and, at least among women, also significant declines
in adult life expectancy [11–13]. As a result, the education gap in adult life expectancy—thedif-
ference between those with college education or higher and those with fewer than 12 years of
schooling—increasedmore than threefold among white women (2.5 to 9.3 years) and nearly
doubled among white men (6.1 to 11.9 years) between 1990 and 2010 [13]. Taken together,
these studies question the presumption that life expectancywill continue to rise for all popula-
tion groups in the United States or for the country as a whole. Indeed, such a sustained decline
in life expectancy is unprecedented in high-income countries [10].

However, there are considerable ongoing debates regarding the extent to which life expec-
tancy declined among the least educated white men and women—those with fewer than 12
years of schooling—dependingon the source of data used and categorization of educational
attainment groups. Using vital registry and census data, Olshansky and colleagues [12]
reported a decline of 5.3 and 3.4 years in life expectancy at age 25 among low-educated, non-
Hispanic white women and men, respectively, between 1990 and 2008. Using similar data, Sas-
son [13] provided more conservative estimates of the same decline in adult life expectancy
from 1990 to 2010–3.1 years for women and 0.6 years for men. The latter are more consistent
with estimates derived from the National Health Interview Survey (NHIS) from 1990 to 2005,
showing a 3.2-year decline among low-educated white women and a 0.9-year increase among
men [11]. Emphasizing relative, rather than fixed, levels of education, Bound and colleagues
[14] found a 1.2-years decline in the lowest quartile of educational attainment among white
women and a 0.4-year increase among white men between 1990 and 2010 using vital registry
data. In spite of discrepancies between different data sources and approaches to measuring
educational attainment, even the most conservative estimates reflect an excess of nearly
170,000 deaths among low-educated white women due to rising mortality between 1990 and
2010 [15].

Both survey data and the vital registry have their advantages and shortcomings in estimating
socioeconomicdisparities in mortality. Census-unlinkeddata tend to overestimate disparities
in adult mortality [16] and, particularly in the United States, are less reliable with respect to
education reporting [17,18]. By contrast, education is self-reported in the NHIS and therefore
more reliable. At the same time, NHIS data are limited to the non-institutionalized population
and linkage with death records is imperfect, which underestimates mortality in general and
possibly disparities between groups [19].

Surprisingly, little is currently known about the contribution of specific causes of death to
the widening education gap in adult life expectancy or the absolute decline observed among
low-educated white Americans. Although several studies have documented trends in cause-
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specificmortality or relative risks by educational attainment [20–22], none have translated
those differences into life years lost—with the exception of cigarette smoking [23]—a necessary
step in identifying the primary risk factors and where policy intervention can bemost effective
in reducing disparities in longevity. Indeed, educational differences in mortality are observed
in nearly all causes of death [21] and have grown significantly over the past two decades, espe-
cially for heart disease, cancer, and smoking-related diseases [7, 20].

For some causes of death, mortality declined across all education groups, although greater
declines were observed among the college-educated,whereas for other causes mortality
declined among the highly educated but increased among the low educated. For example,
between 1986 and 2006 mortality rates among white women aged 45–84 with fewer than 12
years of schooling increased for lung cancer, cerebrovascular diseases, chronic lower respiratory
diseases, diabetes, and Alzheimer’s disease [22]. These women were five times more likely to
die of cardiovascular diseases and ten times more likely to die of influenza and pneumonia
than their college-educated counterparts. Yet, the direct impact of those relative risks on the
education gap in life expectancy—let alone for other gender and race groups—remains
unknown. A notable exception is the case of cigarette smoking. Ho and Fenelon [23] found
that while educational disparities in life expectancy at age 50, eo

50
, have been increasing for non-

Hispanic whites over time, the proportion of the education gap attributed to smoking has
declined (especially for men). For example, in the 1980s the gap in eo

50
between college-edu-

cated white men and those with high-school education or less amounted to 4.3 years—44.3 per-
cent of which was attributed to smoking. By 2003–2006, the same gap increased to 5.4 years,
but only 33.8 percent of which was due to smoking. However, their analysis was limited to
smoking and did not account of other causes of death.

Using U.S. vital registry data from 1990 to 2010, this study aims to reveal (a) across educa-
tional attainment groups, in which age groups gains (losses) in life expectancy at age 25 have
beenmost pronounced; (b) which causes of death account for recent gains (declines) in adult
life expectancy, by educational attainment (within-group trends); and (c) which causes of
death account for the widening education gap in adult life expectancy (between-group trends).
I focus in particular on non-Hispanic whites (hereafter whites) because they recently experi-
enced rising mortality in midlife and exhibit the largest education gap in longevity. Neverthe-
less, results for non-Hispanic blacks are shown in the Supporting Information (S3 Appendix).
Relying on the vital registry provides the level of detail necessary to extend the analysis beyond
most survey data to multiple populations, age groups, and specific causes of death. However,
these data are not without limitations. By addressing data quality issues in the methods section,
the present study is able to provide reliable, nationally representative estimates of the education
gap in mortality and change therein by age and cause of death.

Methods

Data

I estimated age-cause-specificmortality rates, by race, gender, and educational attainment,
from two data sources. Death counts were obtained from the 1990, 2000, and 2010 Multiple
Cause of Death (MCD) public use data files [24], which include information from all death cer-
tificates issued in the United States in a given year. Person-years of exposure were based on
midyear population estimates from the 5% Integrated Public Use Microdata Sample [25] in
respective census years. The analysis was limited to non-Hispanic whites and blacks (results for
the latter are shown in the Supporting Information) becauseHispanic origins are more often
misclassified on death certificates [26]. I focus in particular on mortality between ages 25 and
85 because educational attainment at the college level is generally completed by age 25, and
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because age and cause of death reporting in vital registries are less reliable among the oldest old
[27–29]. Nevertheless, the results confirm that much of the education gap in life expectancy at
age 25, eo

25
, is captured in this age range.

Educational attainment was recoded into four categories based on completed years of school-
ing: low (0–11), high school (12), some college (13–15), and college degree or higher (16+).
However, estimating educational disparities in mortality using unlinked data (i.e., where the
numerator and denominator come from different data sources) is especially prone to bias [16].
Whereas the census data is generally complete, education reporting on U.S. death certificates is
often inaccurate or missing altogether [17]—particularly in earlier years and among older dece-
dents [18]. Beginningwith the 2003 revision of the U.S. death certificate, educational attainment
was measured in grades/degree categories rather than single years. By 2010, the new version has
been adopted by 34 states and the District of Columbia [30]. I translated education categories to
completed years of schooling in order to ensure consistency over time.Most importantly, deaths
in the "High school graduate or GED completed" category were recoded as 12 years of schooling;
deaths in the "9th—12th grade, no diploma" category were reallocated to 9–11 and 12 years of
schooling, respectively, proportional to their relative size in the 2010 American Community
Survey. This approach is rather conservative, because it assumes an equal risk of mortality in
those groups. In addition, I imputed missing data on educational attainment using a simple
Bayesian model by age group, race, gender, and state of occurrence, pooling information from
both the vital registry and census data. The measures taken to ensure data quality and consis-
tency over time, as well as missing data imputation, are discussed extensively elsewhere [13].

In addition to information on the decedent’s race, gender, age at death, and educational
attainment, the MCD includes an underlying a cause of death code based on the International
Classification of Diseases (ICD) [31], using the 9th revision in 1990 and the 10th revision in 2000
and 2010. I grouped all causes of death in nine major categories in order to ensure consistency
throughout the study period and to avoid cells with small death counts (see Supporting Infor-
mation, S1 Appendix for a complete list of codes). The nine categories include: infectious and
parasitic diseases, neoplasms (excluding those predominantly attributed to smoking), cardiovas-
cular diseases (CVD), cerebrovascular diseases, smoking-related diseases (SRD), respiratory dis-
eases (excluding chronic lower respiratory diseases), diabetesmellitus, external causes, and a
residual category for all other or unspecified causes. SRDs were defined as causes in which the
smoking-attributable fraction of deaths exceeds 65 percent in men and women combined [32].
This category includes cancers of the lip, oral cavity, pharynx, esophagus, larynx, trachea, lung,
and bronchus, as well as chronic lower respiratory diseases (bronchitis, emphysema, and
chronic airway obstruction)—but omits many more deaths attributable to smoking such as
ischemic heart disease, where the smoking-attributable fraction of death is 16 percent. Neverthe-
less, trends in SRDs as defined here most clearly reflect underlying smoking behavior over time
and across subpopulations. The number of deaths from each of the nine categories by year, gen-
der, and educational attainment is available in Supporting Information (S2 Appendix).

Using the age-cause-specificmortality rates, I constructed single- and multiple-decrement
period life tables for each race, gender, and educational attainment group in 1990, 2000, and
2010. First, I decomposed the change in adult life expectancy by age in each of those groups.
Second, I estimated trends in years of life lost to each cause of death, by educational attainment,
throughout the 20-year period.

Age Decomposition of Change in Life Expectancy

The change in life expectancy at age 25 between Time 1 and Time 2,4eo
25
¼ eo

25
ð2Þ � eo

25
ð1Þ

in standard life table notation, can be decomposed by age group in the following manner
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[33,34]:
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where nΔx is the gain or loss in total life expectancy attributed to the change in mortality rate
between ages x and x+n, lx is the number of survivors at age x, nLx is the number of person-
years lived between ages x and x+n, Tx+n is the number of person-years lived after age x+n,
and the superscripts denote Time 1 or 2. In other words, Eq (1) shows the change in life
expectancy due to additional (or fewer) survivors between ages x and x+n as the sum two
components. The first term on the right-hand side, known as the direct effect, is the number
of additional (fewer) years lived between ages x and x+n; the second term, combining the
indirect plus interaction effects, is the additional (fewer) years lived in subsequent age groups.
Clearly, only the direct effect applies to the open age interval:

14x ¼
l1
x

l1
25

T2
x

l2
x

�
T1

x

l1
x

� �

ð2Þ

Finally, summing the contributions across all age groups equals the total change in life
expectancy at age 25 betweenTime 1 and Time 2:

4eo
25
¼ eo

25
ð2Þ � eo

25
ð1Þ ¼

X1

25 n4x ð3Þ

Arriaga’s decomposition reveals how changes in age-specificmortality rates translate into
gains or losses in overall life expectancy. In other words, it can reveal scenarios in which life
years gained by decliningmortality in certain age groups are offset by losses from increasing
mortality in other age groups, as recent studies have shown [10].

Years of Life Lost by Cause of Death

In addition to age-specific contributions to change in life expectancy, it is important to under-
stand which causes of death explain the educational gap in life expectancy as well as within-
group trends in longevity. Although there are several methods to calculate the number of life
years lost to specific causes of death [34,35], most rely on unrealistic assumptions (e.g., causes
of death are eliminated altogether, are independent of one another, or decline proportionally
across all ages). Therefore, in this paper I adopt an alternative measure of years of life lost
(YLL) based on the cumulative incidence of each cause of death [36]:

YLL ¼ 60� 60e25 ð4Þ

where YLL is the expected number of life years lost from all causes between ages 25 and 85 and
60e25 is the temporary life expectancy in the same age interval.YLL can be further decomposed
into specific causes of death using standard functions from the multiple-decrement life table.
When the life table radix, l25, equals unity, nLx equals the mean number of years lived by an
individual between ages x and x+n. The mean number of years lost in that interval, denoted nℸx

as the complement of nLx, is therefore:

nℸx ¼ n� nLx ð5Þ

Following Andersen and colleagues [36], Eq (5) can then be decomposed into contributions
from each cause of death:

nℸi
x ¼ n � xdi

25
þ ðn � lx� nLxÞ �

ndi
x

ndx
ð6Þ
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where nℸi
x is the number of years lost due to cause i between ages x and x+n, n is the length of

the age interval, lx and ndx are the standard life table functions, xdi
25
is the cumulative number

of life table deaths from cause i by age x (this also equals the probability of dying from cause i
before age x when l25 = 1), and ndi

x

ndx
is the fraction of deaths in the age interval due to cause i.

The first term on the right-hand side of Eq (6) can be interpreted as the number of life years
lost between ages x and x+n to deaths from cause i that occurred before age x (i.e., they each
lose n years); the second term equals the number of years lost due to deaths from cause i during
the interval (i.e., each death contributes nax lost years on average, where nax is the standard life
table function).YLL is therefore the sum of years lost from all causes i across all j intervals of
length n:

YLL ¼
X

j

X

inℸi
x ð7Þ

By omitting the open interval and focusing on the temporary life expectancy between ages
25 and 85, this definition of YLL presents several advantageous properties: (a) it is based on
actual number of years lost rather than on a hypothetical population; (b) the number of life
years lost from each cause of death are additive to the total number of years lost; (c) it does
require that competing risks are independent; and (d) it can be easily estimated frommultiple-
decrement life tables.

Using the two decompositionmethods, the next section reveals which age groups and
which causes of death were responsible for the increase or decline in adult life expectancy
among low, high school, and college-educatedAmericans from 1990 to 2010.

Results

Age Decomposition of Change in Life Expectancy

Decomposing the change in adult life expectancy by age, within each education group, is an
important first step in identifying the most vulnerable subpopulations. For example, although
adult life expectancyhas been declining among low-educated white Americans since 1990,
especially among women, this pattern may not be equally shared across all ages. Fig 1 shows
the age decomposition of change in eo

25
between 1990 and 2010 for each of the educational

attainment groups: low (0–11 years of schooling), high school (12), some college (13–15), and
college or higher (16+). Each horizontal bar represents the contribution, in years, of changing
mortality in a 5-year age group to the overall change in eo

25
; the sum of the bars in each column

equals the total change in life expectancy.
Between 1990 and 2010, life expectancy at age 25 declined by 3.1 years among low-educated

white women (Fig 1, top panel). Althoughmortality increased in all age groups, more than half
of the decline in eo

25
was attributed to rising mortality between ages 45 and 64. Therefore, tar-

geting this vulnerable population will have the greatest impact on closing the education gap in
longevity. Over the same period, life expectancy among high school—educatedwhite women
increased by less than one year because gains in longevity above age 55 were almost entirely off-
set by losses below that age. In other words, the modest increase in eo

25
masks opposite trends

among the young and the old. While older women in this group experienced further reduction
in mortality, the trend has reversed for younger women. Trends among white women with
some college education resemble those of their high-school educated counterparts of the same
age. However, gains in life expectancy above age 55 were greater and losses below 55 were less
pronounced, resulting in a net increase in eo

25
of 1.5 years. Finally, college-educatedwhite

women experiencedmortality decline across all age groups, amounting to a 3.7 year increase in
eo

25
, with most gains attributed to ages 65 and over.
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Overall, trends in eo
25
were more favorable among white men at each level of education, but

the age-specific patterns were remarkably similar to those of women (Fig 1, bottom panel). Life
expectancy at age 25 among low-educatedmen declined by less than one year and, similar to
low-educated women, was mostly due to rising mortality between ages 45 and 64. However,
increasingmortality in midlife was largely offset by modest mortality declines in other age
groups. Results for high-school educated white men also resembled those of women, with mor-
tality declining significantly at ages 60 and over but slightly increasing at younger ages, result-
ing in a 1.8-year increase in eo

25
. By contrast, white men with 13–15 and 16+ years of schooling

experiencedmorality decline across the board, with eo
25
increasing by 3.1 and 5.2 years, respec-

tively. Like their women counterparts, those gains were most pronounced at ages 60 and over.
For both men and women, in nearly all education groups, old-age mortality decline

accounted for the increase in adult life expectancy from 1990 to 2010 (or, among the low-edu-
cated, for offsetting the decline in life expectancy).

Years of Life Lost by Cause of Death across Education Groups

The temporary life expectancy between ages 25 and 85, 60e25, is the number of years a person is
expected to live during that 60-year interval. Although oldest-old mortality is truncated by

Fig 1. Age decomposition of change in life expectancy by gender and years of schooling, non-Hispanic whites 1990–2010.

doi:10.1371/journal.pone.0163412.g001
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design, 60e25 closely resembles the total life expectancy at age 25, remaining about 1–2 years
lower than eo

25
among men and 3–4 years lower among women across educational attainment

groups. Therefore, it captured much of the education gap in longevity throughout the study
period. The complement of 60e25 is the expectednumber of years of life lost from all-causemor-
tality (i.e., YLL = 60−60e25), which can be further broken down by cause of death.

Fig 2 shows the trend in YLL between ages 25 and 85, by educational attainment, from 1990
to 2010. Mirroring trends in eo

25
among white women, YLL gradually increased from 9.0 years

in 1990 to 11.6 years in 2010 for the low educated, stalled around 7.4 years for the high-school
educated, and declined for those with 13–15 and 16+ years of schooling—from7.3 to 6.4 and
from 6.2 to 4.2, respectively. In comparison, white men lost more years of life by age 85 than
their women counterparts, in all education groups, and exhibited a wider education gap in
YLL. The number of years of life lost increased slightly for low-educated white men during the
1990s and plateaued during the 2000s at 15.8 years. In all other education groups, however,
YLL declined for men—from 12.3 to 11.3 years among the high-school educated, from 11.4 to
9.2 years among those with some college education, and from 9.3 to 5.8 among the college edu-
cated. In both genders, the education gap in YLL—the difference between the least and most
educated groups—increased over time and was greatest in 2010, reaching 7.5 years among
white women and 10.0 years among white men.

Fig 2. Total life years lost between ages 25 and 85 by gender and years of schooling, non-Hispanic whites 1990–2010.

doi:10.1371/journal.pone.0163412.g002
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Further decomposition of YLL reveals which causes are responsible for the greatest loss of
life years with education groups, as well as for gaps between them. Fig 3 shows the number of
life years lost to each major cause of death, by educational attainment, among white women
from 1990 to 2010. Among the low educated, YLL increased by roughly one year for smoking-
related diseases, external causes, and the residual category (“other causes”). Together, these
causes of death accounted for more than the total increase in YLL, but were offset by minor
reductions in YLL—about one third of a year each—fromCVD and neoplasms. YLL also
increased for diabetes and infectious and respiratory diseases, but their combined effect was
less than 0.5 additional life years lost—far below the rising toll from each of the three leading
causes.

Similar trends were observed among high-school educated women, but changes in YLL
from different causes of death offset each other almost entirely—i.e., increases from smoking-
related diseases, external, and “other” causes were more modest while reductions from CVD
and cancer were greater than among low-educated women. Surprisingly, women with some
college education also experienced an increase in YLL from external and “other” causes, albeit
to a lesser degree, but no significant change attributed to smoking-related diseases. Finally, col-
lege-educatedwomen experienced reductions in YLL almost uniformly across all causes of
death—the greatest of which from CVD and neoplasms, 0.7 and 0.9 years, respectively—result-
ing in the overall increase in adult life expectancy, temporary or total, shown earlier.

Trends among men were generally similar (but not identical) to those among women of the
same educational level. Fig 4 shows that low-educated men gainedmore than one year of life
due to reduction in CVDmortality, but experiencedgreater combined losses from smoking-
related, external, and “other” causes. The latter two also increased among men with high-
school and some college education, but declined for CVD and smoking-related diseases. Like
their women counterparts, college-educatedmen experienced a decline in YLL in nearly all
causes of death.

Overall, trends in YLL by cause of death suggest that mortality declines from CVD and neo-
plasms have been a success story in all gender and education groups, but have been greatest
among the college educated. By contrast, YLL from external and “other” causes have been rising
in almost all education groups, with the exception of college-educatedmen and women. In addi-
tion, mortality from smoking-related diseases increased among low-educatedmen and women
as well as high school—educatedwomen. Although changes in YLL were also observed in diabe-
tes, infectious, respiratory, and cerebrovascular diseases, their combined toll on life expectancy,
from a population perspective,was lower than each of the leading causes of death—CVD, neo-
plasms, and smoking-related diseases. By 2010, these three major causes were responsible for
over 50 percent of life years lost in all gender-education groups. Among the low educated in par-
ticular, external and “other” causes also had a tremendous toll on the number of years lost, both
in absolute and in relative terms. This is an important observation, because even a modest
increase in the number of premature deaths among the low educated can have a significant
effect on adult life expectancy and, at the same time, contribute to the growing education gap in
longevity.

The Educational Gradient in Years of Life Lost by Cause of Death

Comparing YLL by cause of death, across education groups, can also point to where disparities
in life expectancy are greatest and where policy interventionmay be most effective. Two gen-
eral patterns can be discerned in Figs 3 and 4. First, there is a clear education gradient in YLL
across all causes of death and in both genders, with more education associated with fewer life
years lost. Throughout the study period, between 60 and 80 percent of the gap in 60e25 (or,

Diverging Trends in Cause-Specific Mortality and Life Years Lost by Educational Attainment
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equivalently, in YLL) between low- and college-educatedmen and women was attributed to
CVD, smoking-related diseases, and external causes of death. Although (non-smoking related)
neoplasms account for a large proportion of YLL in each education group, they explain less
than five percent of the education gap in 60e25. Similarly, disparities in YLL attributed to diabe-
tes and infectious, respiratory, and cerebrovascular diseases combined explain less than 20 per-
cent of the education gap in 60e25 in women and less than 15 percent of the gap in men. In
other words, although an education gradient in YLL exists in nearly all causes of death, reduc-
ing mortality from CVD, smoking, and external causes among low education groups will have
the greatest impact on closing the gap in adult life expectancy.

The second important observation is that the education gap in YLL widened across all
causes of death and in both genders since 1990. For causes in which mortality declined, such as
neoplasms and CVD, the college educated saw greater reductions; for most of the remaining
causes of death, however, YLL increased for the low educated and declined for the college edu-
cated, in both genders. For example, in 1990, low-educated men lost 1.5 more years of life from
CVD than college-educatedmen. The gap increased to 2.1 years by 2010 in spite of significant
declines in CVDmortality in both groups. By contrast, men’s education gap in YLL to smok-
ing-related diseases increased from 1.1 years in 1990 to 2.0 years in 2010—about half of which
because conditions improved among the college educated and the other half because

Fig 3. Life years lost between ages 25 and 85 by cause of death and years of schooling, non-Hispanic white women. Note: *
SRD = smoking-related diseases (bronchitis, emphysema, chronic airway obstruction and cancers of the lip, oral cavity, pharynx,

esophagus, larynx, trachea, lung, and bronchus); ** Infectious and parasitic diseases.

doi:10.1371/journal.pone.0163412.g003
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conditions worsened for the low educated. This pattern not only reflects greater health returns
to higher education, but also the absolute deterioration of population health among low-edu-
cated white Americans.

Discussion

Between 1990 and 2010, the gap in adult life expectancy between low- and college-educated
white Americans has doubled for men and more than tripled for women [12,13]. This trend
was fueled by both a significant rise in eo

25
among the college educated and a simultaneous

decline in eo
25
among the low educated. Over the same period, high school—educatedwhites

experiencedonly modest gains in adult life expectancy. Using vital statistics data, this study set
out to understand which causes of death accounted for the widening education gap in life
expectancy and in which age groups—an important step in identifying vulnerable groups and
informing health policy.

Four key insights are supported by the evidence: (a) low-educated white Americans are not
following in the footsteps of their college-educated counterparts and instead experienced stall-
ing (men) or declining (women) life expectancy at age 25; (b) this trend is largely attributed to
increasingmorality in midlife (ages 45–64), which was also observed among the high-school
educated; (c) life expectancy declined or stalled in these groups almost entirely because

Fig 4. Life years lost between ages 25 and 85 by cause of death and years of schooling, non-Hispanic white men. Note: *
SRD = smoking-related diseases (bronchitis, emphysema, chronic airway obstruction and cancers of the lip, oral cavity, pharynx,

esophagus, larynx, trachea, lung, and bronchus); ** Infectious and parasitic diseases.

doi:10.1371/journal.pone.0163412.g004
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mortality increased for smoking-related, external, and residual (“other”) causes of death—off-
setting longevity gains from declining cancer and cardiovascularmortality; and (d) significant
educational differences in mortality were also observed in diabetes, infectious, respiratory, and
cerebrovascular diseases, but their combined effect on the education gap in life expectancywas
smaller than that of smoking or cardiovascular diseases or external causes alone.

Althoughmidlife mortality is on the rise for low- and high school-educatedwhites, one
should be reminded that these estimates are based on period life tables. In other words, they
are based on synthetic cohorts which reflect the experience of multiple birth cohorts as they
age (e.g., taken in snapshots at 10 or 20-year intervals). There is a necessary confounding of
age, period, and cohort effects—andwhile traditionally demographers make frequent use of
age decomposition, there is reason to believe that the trends reported here are driven by cohort
effects. Low-educated whites in recent birth cohorts are faring worse than previous birth
cohorts with respect to mortality, whereas college-educatedwhites are faring better now than
previous birth cohort. Viewed from a cohort perspective, if this trend continues into the future
then mortality will continue to increase as these birth cohort age. I return to this point in the
concluding paragraph.

The number of life years lost by cause of death provides a usefulmeasure for comparison
within and between education groups, and points to where interventionmay be most effective.
The difference in temporary life expectancy between ages 25 and 85, 60e25, between low- and
college-educatedwhite women increased from 2.8 years in 1990 to 7.5 years in 2010. Nearly
half of that increase was attributed to smoking-related diseases and external causes of death,
where mortality increased dramatically among low-educated white women. The same two
causes were responsible for over one third of the 4.1-year increase in the gap in 60e25 between
low- and college-educatedwhite men. The implication from a health policy perspective is clear
—targeting premature deaths from smoking and external causes will have the greatest impact
on closing the education gap in life expectancy.

Clearly, cigarette smoking will continue to have a tremendous impact on U.S. adult mortal-
ity in the coming decades. Differentials in smoking behavior already explain much of the gen-
der gap in life expectancy [37], the Hispanic mortality advantage [38], and, according to
findings here and in recent studies [23], the growing educational gradient in adult life expec-
tancy. Smoking-related cancers and chronic lower respiratory diseases account for a significant
loss of life years in all gender and education groups and especially among low and high-school
educated men and women. Furthermore, the losses documented in this study necessarily
underestimate the full burden of smoking on mortality from heart disease, stroke, and other
diseases. The growing number of life years lost to smokingmirrors educational disparities in
smoking behavior, which have not only persisted but also widened for whites (and blacks)
since the mid-1970s [39].

Perhaps more surprising is the rise in mortality from external causes among all but the col-
lege educated. These results, however, are consistent with the recent and dramatic increase in
mortality from accidental poisoning, where educational differences are especially large [10,21].
The present study, however, offers several important extensions. First, although several studies
documentedwidening disparities in all-cause and cause-specificmortality by educational
attainment, this is the first study to translate those relative risks into actual life years lost in
each education group. Second, whereas previous studies suffered from age-aggregation bias
[40], this study relied on 5-year abridged life tables to minimize the bias. Indeed, additional
analyses reveal that the mean age in each 5-year age group changed by no more than 0.15 years
between 1990 and 2010, with no consistent tendency to increase over time across gender-race-
education groups aside from the 80–84 age group (results not shown). Third, by using carefully
imputed vital statistics data, this study was able to explore trends and disparities in cause-
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specificmortality across a wider age range than most survey data and among minority groups
(results for non-Hispanic blacks are shown in Supporting Information, S3 Appendix).

This study is not without limitations. Education misreporting and missing information in
the vital registry data are a potential source of bias [17], as is the change in underlying cause of
death classification during the study period. Several steps were taken to minimize both random
and systematic sources of error [13], but they cannot be eliminated with certainty. Grouping
causes of death in nine major categories ensures consistency over time, but comes at the
expense of a more detailed analysis. It is nevertheless reassuring that results in this study are
consistent with prior research based on the National Health Interview Survey, both with
respect to the direction and magnitude of changes in age- and cause-specificmortality [8,22].

Finally, adopting a similar approach to multiple other studies [41–44], this study estimated
the gross association between education and longevity and how that association had changed
over time. However, adult mortality is affected by a multitude of social, economic, behavioral,
and environmental determinants—some, but not all, of which are caused by or associated with
educational attainment. Educational attainment serves a convenient indicator of socioeco-
nomic status because it occurs early in the life course and remains stable thereafter. Further-
more, it shapes much of one's life course trajectory in a variety of ways. Indeed, the effect of
education on adult mortality may operate via income [45], health behaviors [46], marriage
[47,48], chronic stress [49], or their combination. At the same time, family background is
known to determine both academic achievement [50] and adult mortality [51] which may ren-
der part of this association spurious. The extent to which the relationship between education
and adult mortality is causal remains contested [52,53] and deserves further scrutiny in order
to design effective policy interventions.

Nevertheless, it appears that large segments of the U.S. population no longer partake in the
remarkable decline in mortality that characterizedmuch of the 20th century. Indeed, some
groups have even been regressing, as was previously reported for low-educated whites—those
with fewer than 12 years of schooling—andmore recently even among the high-school edu-
cated in midlife [7,10,11–13]. The results in this study further highlight that while old-age mor-
tality declined among high school—educatedwhites, the subsequent gains in eo

25
were partially,

if not entirely, offset by increasingmortality under age 55. It is difficult to determine whether
these patterns reflect period or cohort trends because they are based on period life tables,
which conjoin multiple birth cohorts into a single, synthetic cohort. Since the 1960s, however,
changes in mortality from heart disease and lung cancer in the U.S. have largely been driven by
cohort effects [54], which also explain the growing educational differences in mortality from
those causes [55]. If the same is true for other causes of death, then the rise in young-adult and
midlife mortality may be a precursor to what lies ahead for those groups as they enter old age.
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27. Alpérovitch A, Bertrand M, Jougla E, Vidal J, Ducimetière P, Helmer C, et al. Do We Really Know the

Cause of Death of the Very Old? Comparison between Official Mortality Statistics and Cohort Study

Classification. European Journal of Epidemiology 2009; 24:669–75. doi: 10.1007/s10654-009-9383-2

PMID: 19728117

28. Hill ME, Preston SH, Rosenwaike I. Age Reporting among White Americans Aged 85+: Results of a

Record Linkage Study. Demography 2000; 37(2):175–86. doi: 10.2307/2648119 PMID: 10836175

29. Tinetti ME, McAvay GJ, Murphy TE, Gross CP, Lin H, Allore HG. Contribution of Individual Diseases to

Death in Older Adults with Multiple Diseases. Journal of the American Geriatrics Society 2012;

60:1448–56. doi: 10.1111/j.1532-5415.2012.04077.x PMID: 22734792

30. Murphy SL, Xu JQ, Kochanek KD. Deaths: Final Data for 2010. National Vital Statistics Reports.

Hyattsville, MD: National Center for Health Statistics 2013; 61(4).

31. World Health Organization. International Statistical Classification of Diseases and Related Health

Problems: Tenth Revision. Geneva: World Health Organization. 2004.

32. Centers for Disease Control and Prevention. Smoking-attributable Mortality, Years of Potential Life

Lost, and Productivity Losses—United States, 2000–2004. Morbidity and Mortality Weekly Report

2008; 57:1226–28. doi: 10.1001/jama.301.6.593 PMID: 19008791

33. Arriaga EE. Measuring and Explaining the Change in Life Expectancies. Demography 1984; 21:83–96.

doi: 10.2307/2061029 PMID: 6714492

34. Preston SH, Heuveline P, Guillot M. Demography: Measuring and Modeling Population Processes.

Oxford: Blackwell Publishing. 2001. doi: 10.2307/1535065

35. Keyfitz N, Caswell H. Applied mathematical demography. New York: Springer. 2005. doi: 10.1007/

978-1-4757-1879-9

36. Andersen PK, Canudas-Romo V, Keiding N. Cause-specific Measures of Life Years Lost. Demo-

graphic Research 2013; 41:1127–52. doi: 10.4054/DemRes.2013.29.41

37. Preston SH, Wang H. Smoking and Sex Mortality Differences in the United States. Demography 2006;

43(4):631–46. PMID: 17236538

38. Fenelon A. Revisiting the Hispanic Mortality Advantage in the United States: The role of Smoking.

Social Science & Medicine 2013; 82:1–9. doi: 10.1016/j.socscimed.2012.12.028 PMID: 23453311

Diverging Trends in Cause-Specific Mortality and Life Years Lost by Educational Attainment

PLOS ONE | DOI:10.1371/journal.pone.0163412 October 4, 2016 15 / 16

http://dx.doi.org/10.1016/j.socscimed.2006.11.014
http://dx.doi.org/10.1016/j.socscimed.2006.11.014
http://www.ncbi.nlm.nih.gov/pubmed/17196723
http://www.ncbi.nlm.nih.gov/pubmed/25093685
http://dx.doi.org/10.1097/00001648-199607000-00017
http://www.ncbi.nlm.nih.gov/pubmed/8793373
http://dx.doi.org/10.1177/0898264311421369
http://dx.doi.org/10.1177/0898264311421369
http://www.ncbi.nlm.nih.gov/pubmed/21934120
http://dx.doi.org/10.1371/journal.pone.0041560
http://dx.doi.org/10.1371/journal.pone.0041560
http://www.ncbi.nlm.nih.gov/pubmed/22911814
http://dx.doi.org/10.1177/0003122411411276
http://www.ncbi.nlm.nih.gov/pubmed/26937041
http://dx.doi.org/10.2105/AJPH.2012.301128
http://dx.doi.org/10.2105/AJPH.2012.301128
http://www.ncbi.nlm.nih.gov/pubmed/23327260
http://dx.doi.org/10.1177/0022146515592731
http://www.ncbi.nlm.nih.gov/pubmed/26199287
http://www.cdc.gov/nchs/data_access/Vitalstatsonline.htm
http://dx.doi.org/10.2105/AJPH.2008.135863
http://www.ncbi.nlm.nih.gov/pubmed/19762677
http://dx.doi.org/10.1007/s10654-009-9383-2
http://www.ncbi.nlm.nih.gov/pubmed/19728117
http://dx.doi.org/10.2307/2648119
http://www.ncbi.nlm.nih.gov/pubmed/10836175
http://dx.doi.org/10.1111/j.1532-5415.2012.04077.x
http://www.ncbi.nlm.nih.gov/pubmed/22734792
http://dx.doi.org/10.1001/jama.301.6.593
http://www.ncbi.nlm.nih.gov/pubmed/19008791
http://dx.doi.org/10.2307/2061029
http://www.ncbi.nlm.nih.gov/pubmed/6714492
http://dx.doi.org/10.2307/1535065
http://dx.doi.org/10.1007/978-1-4757-1879-9
http://dx.doi.org/10.1007/978-1-4757-1879-9
http://dx.doi.org/10.4054/DemRes.2013.29.41
http://www.ncbi.nlm.nih.gov/pubmed/17236538
http://dx.doi.org/10.1016/j.socscimed.2012.12.028
http://www.ncbi.nlm.nih.gov/pubmed/23453311


39. Pampel FC. The Persistence of Educational Disparities in Smoking. Social Problems 2009; 56(3):526–

42. doi: 10.1525/sp.2009.56.3.526

40. Gelman A, Auerbach J. Age-aggregation bias in mortality trends. Proceedings of the National Acad-

emy of Sciences. 2016; 113(7):E816–7. doi: 10.1073/pnas.1523465113 PMID: 26858421

41. Backlund E, Sorlie PD, Johnson NJ. A comparison of the relationships of education and income with

mortality: The National Longitudinal Mortality Study. Social science & medicine. 1999; 49(10):1373–

84. doi: 10.1016/S0277-9536(99)00209-9 PMID: 10509827

42. Everett BG, Rehkopf DH, Rogers RG. The nonlinear relationship between education and mortality: An

examination of cohort, race/ethnic, and gender differences. Population Research and Policy Review.

2013; 32(6):893–917. doi: 10.1007/s11113-013-9299-0 PMID: 24288422

43. Hayward MD, Hummer RA, Sasson I. Trends and group differences in the association between educa-

tional attainment and US adult mortality: Implications for understanding education’s causal influence.

Social Science & Medicine. 2015; 127:8–18. doi: 10.1016/j.socscimed.2014.11.024 PMID: 25440841

44. Montez JK, Hummer RA, Hayward MD. Educational attainment and adult mortality in the United

States: A systematic analysis of functional form. Demography. 2012; 49(1):315–36. doi: 10.1007/

s13524-011-0082-8 PMID: 22246797

45. Rogers RG, Hummer RA, Everett BG. Educational differentials in US adult mortality: An examination

of mediating factors. Social Science Research. 2013; 42(2):465–81. doi: 10.1016/j.ssresearch.2012.

09.003 PMID: 23347488

46. Cutler DM, Lleras-Muney A. Understanding differences in health behaviors by education. Journal of

health economics. 2010; 29(1):1–28. doi: 10.1016/j.jhealeco.2009.10.003 PMID: 19963292

47. Dupre ME, Beck AN, Meadows SO. Marital trajectories and mortality among US adults. American Jour-

nal of Epidemiology. 2009; 170(5):546–55. doi: 10.1093/aje/kwp194 PMID: 19584130

48. Hou F, Myles J. The Changing Role of Education in the Marriage Market: Assortative marriage in Can-

ada and the United States since the 1970s. Canadian Journal of Sociology. 2008; 33(2):337–66.

49. Dowd JB, Simanek AM, Aiello AE. Socio-economic status, cortisol and allostatic load: a review of the

literature. International Journal of Epidemiology. 2009; 38(5):1297–309. doi: 10.1093/ije/dyp277

PMID: 19720725

50. Sirin SR. Socioeconomic status and academic achievement: A meta-analytic review of research.

Review of Educational Research. 2005; 75(3):417–53. doi: 10.3102/00346543075003417

51. Hayward MD, Gorman BK. The long arm of childhood: The influence of early-life social conditions on

men’s mortality. Demography. 2004; 41(1):87–107. doi: 10.1353/dem.2004.0005 PMID: 15074126

52. Behrman JR, Kohler HP, Jensen VM, Pedersen D, Petersen I, Bingley P, Christensen K. Does more

schooling reduce hospitalization and delay mortality? New evidence based on Danish twins. Demogra-

phy. 2011; 48(4):1347–75. doi: 10.1007/s13524-011-0052-1 PMID: 21842327

53. Lleras-Muney A. The relationship between education and adult mortality in the United States. The

Review of Economic Studies. 2005; 72(1):189–221. doi: 10.1111/0034-6527.00329

54. Yang Y. Trends in U.S. Adult Chronic Disease Mortality, 1960–1999: Age, Period, and Cohort Varia-

tions. Demography 2008; 45(2):387–416. doi: 10.1353/dem.0.0000 PMID: 18613487

55. Masters RK, Hummer RA, Powers DA. Educational Differences in U.S. Adult Mortality: A Cohort Per-

spective. American Sociological Review 2012; 77(4):548–72. doi: 10.1177/0003122412451019 PMID:

25346542

Diverging Trends in Cause-Specific Mortality and Life Years Lost by Educational Attainment

PLOS ONE | DOI:10.1371/journal.pone.0163412 October 4, 2016 16 / 16

http://dx.doi.org/10.1525/sp.2009.56.3.526
http://dx.doi.org/10.1073/pnas.1523465113
http://www.ncbi.nlm.nih.gov/pubmed/26858421
http://dx.doi.org/10.1016/S0277-9536(99)00209-9
http://www.ncbi.nlm.nih.gov/pubmed/10509827
http://dx.doi.org/10.1007/s11113-013-9299-0
http://www.ncbi.nlm.nih.gov/pubmed/24288422
http://dx.doi.org/10.1016/j.socscimed.2014.11.024
http://www.ncbi.nlm.nih.gov/pubmed/25440841
http://dx.doi.org/10.1007/s13524-011-0082-8
http://dx.doi.org/10.1007/s13524-011-0082-8
http://www.ncbi.nlm.nih.gov/pubmed/22246797
http://dx.doi.org/10.1016/j.ssresearch.2012.09.003
http://dx.doi.org/10.1016/j.ssresearch.2012.09.003
http://www.ncbi.nlm.nih.gov/pubmed/23347488
http://dx.doi.org/10.1016/j.jhealeco.2009.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19963292
http://dx.doi.org/10.1093/aje/kwp194
http://www.ncbi.nlm.nih.gov/pubmed/19584130
http://dx.doi.org/10.1093/ije/dyp277
http://www.ncbi.nlm.nih.gov/pubmed/19720725
http://dx.doi.org/10.3102/00346543075003417
http://dx.doi.org/10.1353/dem.2004.0005
http://www.ncbi.nlm.nih.gov/pubmed/15074126
http://dx.doi.org/10.1007/s13524-011-0052-1
http://www.ncbi.nlm.nih.gov/pubmed/21842327
http://dx.doi.org/10.1111/0034-6527.00329
http://dx.doi.org/10.1353/dem.0.0000
http://www.ncbi.nlm.nih.gov/pubmed/18613487
http://dx.doi.org/10.1177/0003122412451019
http://www.ncbi.nlm.nih.gov/pubmed/25346542

