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Abstract
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1 Introduction

Mortality rates among non-Hispanic whites without college degrees have increased substantially over
the last 20 years (Meara et al., 2008; Cutler and Lleras-Muney, 2010b; Cutler et al., 2011; Olshansky
et al., 2012; Case and Deaton, 2015, 2017). While widely publicized, this fact by itself is difficult
to interpret because overall education levels have also risen during this time period; the share of
50-54-year-old women without a college degree, for example, was 63% in 1992 and 36% in 2018. The
average person without a college degree occupies a lower position in both the educational and the
socioeconomic distribution today than in the past. It is therefore not necessarily surprising that people
at a fixed low level of education are less healthy today compared with those at the same level in earlier
decades (see Figure 1). If education levels are rising, it is theoretically possible for the mortality rate
to be lower at every percentile in the education distribution, but to be higher at every education level.!

There are three possible interpretations of rising mortality among non-Hispanic whites without col-
lege degrees. Each has a substantially different policy implication. First, this result could be nothing
more than an artifact of shifts in the education distribution, with no changes in the underlying relation-
ship between education percentile and mortality. Second, mortality could be rising uniformly among
individuals in the bottom half of the education distribution. Third, mortality could be rising substan-
tially at the very bottom of the education distribution, with fewer changes or even improvements in the
percentiles reflecting high school graduates. In this paper, we develop new methods to distinguish be-
tween these scenarios and show that the third interpretation is the one most supported by the evidence.

This selection bias in estimates of mortality change at fixed education levels has been a major barrier
to the study of disparities in death rates, not least because education is one of the only measures of so-
cioeconomic status that is recorded in publicly available vital statistics data. Some researchers have ar-
gued that the bias is so large that estimates of mortality change by education level are effectively mean-
ingless (Dowd and Hamoudi, 2014; Bound et al., 2015; Currie, 2018). Other researchers have limited

analysis to population subsets where education has not substantially changed (Case and Deaton, 2015,

LA similar phenomenon is described by the well-known college swipe, “If the worst student at college X went
to (inferior college) Y, it would raise the average intelligence of both schools.”



2017). Similar challenges arise in studies of educational gradients in fertility, birth outcomes, and dis-
ability, as well as in the study of assortative mating and intergenerational mobility (Cutler and Lleras-
Muney, 2010a; Aizer and Currie, 2014; Greenwood et al., 2014; Bertrand et al., 2016; Asher et al., 2020).

In principle, the selection bias can be addressed by studying mortality in fixed percentile ranges
of the education distribution, for example, in the bottom 10%. This approach holds constant the
size and relative rank of each education bin over time. While calculating mortality in fixed education
percentiles has been suggested before (Bound et al., 2015), doing so is not trivial, because education
levels are inherently lumpy, especially as reported in standard mortality datasets. For example,
if education is bottom-coded at the 20th percentile (as in 1992, where 20% of women in some
cohorts are high school dropouts), the mortality rate at the 10th education percentile cannot be
point-estimated without strong assumptions.

This paper introduces a new partial identification method that addresses this concern. We show that
outcomes conditional on arbitrary education ranks can at best be bounded. We treat the measurement
of mortality y at a given education rank x as an interval data problem, where the education rank is only
observed to lie within some bin [xy,z1] of the rank distribution. Extending the approach of Manski
and Tamer (2002), we show that E(y|z €[a,b]) can be sharply and meaningfully bounded for arbitrary
values of a and b.2 Our approach requires only two assumptions. First, we assume that there exists a
latent education rank, which is only coarsely observed in the education data; this assumption follows
directly from a standard human capital model. Second, we assume that the mortality rate is weakly
decreasing in the latent education rank; this assumption is supported by theory and empirical evidence.
We show that bounds can be further tightened by disallowing kinks or discrete jumps in the education-
rank function; this third assumption also makes it possible to loosen the monotonicity assumption.?

Using this partial identification approach, we document changes in mortality from 1992-1994 to 2016

20ur key innovation to the set-up in Manski and Tamer (2002) is that we develop bounds on E(y|z € [a,b])
when the latent distribution of = is known. In the case of education rank data, the latent distribution is uniform
by construction. We also develop general bounds on E(y|z € [a,b]) when z is not necessarily uniform; these bounds
may be useful in other cases, e.g. top-coded income data that is assumed to follow a Pareto distribution.

3A curvature constraint is not central to our results. We show in Appendix D that our central results hold using
the first two assumptions alone; however, adding plausible structural assumptions yields tighter bounds. Allowing
discrete jumps or kinks at major education boundaries (like high school or college completion) also has no material
effect on the results.



2018 among the U.S. population aged 2569, in constant education percentile bins. We focus in partic-
ular on two domains where researchers have noted deteriorating outcomes: (i) mortality change in the
bottom half of the education distribution; and (ii) changes in deaths from poisoning, suicide and chronic
liver disease, described by earlier researchers as “deaths of despair” (Case and Deaton, 2015, 2017).

We have three primary findings. First, among middle-aged non-Hispanic white (hereafter referred
to as white) men and women, the group most widely discussed in the recent literature, mortality
increases are driven almost entirely by the bottom 10% of the own-gender, education distribution
(the part of the distribution represented by high school dropouts in 2018).* From 1992-94 to 2016-18,
age-adjusted mortality for whites in the least educated 10% has risen by 69-112% for women and
47-67% for men (2.2-3.2% and 1.6-2.2% per year, respectively). Mortality change in percentiles
1045 (approximately high school completers in 2018) is rising for both white men and women under
age 50, but is flat or declining at higher ages where most deaths occur. The mortality increases
described by Case and Deaton (2015; 2017) are thus both more severe and more focused in a narrow
population subgroup than has previously been recognized.

Second, non-Hispanic blacks have experienced large improvements in mortality in all education
groups except for the least educated 10%. In the least educated 10%, black women’s mortality has
risen 9-17% from 1992-94 to 2016-18, while black men’s mortality change has been very close to zero.
This has led to a substantial convergence between black and white outcomes at the bottom of the
education distribution. Conditional upon being in the least educated 10% of the national distribution,
white men over the age of 50 now have higher mortality than similarly-aged black men. White women
in the least educated 10% have higher mortality than similarly-educated black women. In nearly all
other education-age groups, white men and women have lower mortality than black men and women.

A single proximate cause cannot explain these divergent death rates. The change in deaths from
despair, which has been widely discussed in prior research and in the media, accounts for a large

share of mortality increases for young whites, but a very small share of rising mortality among

4Throughout the paper, we take “whites in the bottom 10%” to mean “whites who are in the bottom 10% of the
own-gender national education distribution” (where ranks pool across all races). We discuss in Section 3 why this is a
more useful categorization than “whites in the bottom 10% of the education distribution of whites.” Nevertheless, when
we employ the latter definition, we find results that are broadly consistent with our findings here (Appendix Figure D2).



older whites and very little of the divergent mortality rates of blacks. Further, deaths of despair
have increased more uniformly across the education distribution than deaths from other causes.
The least educated middle-aged whites, in particular, are now at higher risk of dying from cancer,
heart diseases and respiratory diseases, among other causes, even as mortality from these causes
has declined sharply for those outside of the bottom 10%. Note that earlier unadjusted estimates
of these mortality changes were particularly difficult to interpret for women, for whom education
has risen considerably more than among men, creating a larger possible selection bias.

A long prior literature relies upon education as a proxy of socioeconomic status to study mortality
change, both because of its wide availability in the data, and because it is a marker of permanent rather
than transitory socioeconomic status. Olshansky et al. (2012) noted rising mortality rates among high
school dropouts from 1990 to 2008, but this work attracted debate because it did not adjust for the
substantial increase in the negative selection associated with being a dropout over the sample period.
Case and Deaton (2015; 2017) justified ignoring the selection bias in mortality change by focusing on
population subgroups for whom education levels had not changed substantially; however, they did
not look specifically at outcomes among high school dropouts exactly because of the selection bias
addressed in our paper. Meara et al. (2008), Bound et al. (2015), Hendi (2015), and Leive and Ruhm
(2020) use an adjustment for selection bias that is implicitly based on stricter (and in our view, less
plausible) assumptions that underestimates mortality change at the bottom of the distribution.?

Our finding of dramatically rising mortality in the bottom 10% broadly supports the earlier
selection-unadjusted findings of Olshansky et al. (2012) and Sasson (2016): the mortality increases at
the bottom of the education distribution prove to be large, even after removing substantial selection
bias. We find a larger decline at bottom of the distribution than Hendi (2015; 2017), both because
of our approach to selection bias, and because we use the much larger vital statistics data which are
better suited to detect mortality changes in small groups like high school dropouts (Sasson, 2017).

Several other recent papers document the relationship between socioeconomic status and mortality.

Currie and Schwandt (2016a; 2016b) study differences in mortality across counties, finding, like

5We compare their approach to ours in Section 3 and Appendix C.3.



us, that changes in mortality inequality are highly heterogeneous across age, race and place. They
show that mortality inequality across space is falling between blacks and whites and among younger
individuals (especially children), but rising among older adults. They also document dramatic
declines in mortality among black men. Our findings confirm this result among black men in the most
educated 90%. But we find that middle-aged black men in the least educated 10% have experienced
mortality increases, although these increases are minor compared with similarly educated whites.

Chetty et al. (2016) use deaths as reported in tax records to describe changes in mortality
throughout the income distribution. While the study of mortality using tax records is an important
innovation, vital statistics are likely to remain valuable as sources of information on mortality because
they record cause of death in detail and because they are publicly available. Our work makes it
possible to use education as a marker of socioeconomic status in the vital statistics data, which is
important given that so few other predictors of socioeconomic status are recorded.

In a related approach, Goldring et al. (2016) derive a one-tailed statistical test to examine whether
the mortality gradient in education is changing over time. Like us, they assume that: (i) there
exists a latent education rank distribution; and (i) mortality is monotonically declining in the latent
education rank. They conclude that the education gradient is getting steeper (as do we), but their
approach does not generate estimates of mortality change.

In addition to the empirical findings, this paper introduces a new methodology to tighten the
CEF bounds of Manski and Tamer (2002) in contexts with known conditioning distributions (like
ranks, which are uniform by construction). In the simplest case without curvature constraints, we
provide analytical bounds that are readily calculated. We also provide a numerical framework for
tightening bounds with arbitrary structural constraints, such as the curvature constraint we employ
in our main results. Our methodology may be of use in interval-censoring contexts as diverse as
bond ratings, top-coded incomes, and Likert scales. It is especially useful when studying education,
because education data remain interval-censored in rank terms even as granular administrative data

become available for other variables, such as income. As a result, these bounds may be applied

50ur method is also easily generalized to measure other conditional parameters, like a median or other percentile
of the outcome distribution.



whenever the researcher wishes to study trends in a given outcome over time by education group.

We have posted both unadjusted and constant-percentile mortality estimates for all ages and
groups with the manuscript, which we hope will be useful for other researchers interested in studying
U.S. mortality change. Code to calculate bounds on mortality in constant percentile groups given

raw education data is also posted online.”
2 Data Sources

We briefly summarize the data construction process and provide more details in Appendix B.

Death records from 1992-2018 were obtained from the US National Vital Statistics System of the
National Center for Health Statistics (National Center for Health Statistics, 2018). Mortality rates
(deaths per 100,000 people) were obtained by dividing the number of deaths in each age, race, gender
and education cell by the population total from the Current Population Survey (CPS). We code
ages in 5-year bins to mitigate bias from changing age within bins over time (Gelman and Auerbach,
2016; Case and Deaton, 2017). Education could be consistently matched across datasets in four
groups: (i) less than a high school degree, (ii) high school degree/GED, (iii) some college, and (iv) a
bachelor’s degree or more.® Annual estimates were pooled into three-year bins. Following earlier work,
estimates are presented separately for men and women, and for non-Hispanic blacks and whites.
Results are not shown for Hispanics, because their higher in- and out-migration over the sample
period make mortality change among Hispanics more difficult to interpret (Markides and Eschbach,
2005). Mortality rates closely match those in other recent studies (Case and Deaton, 2015, 2017).

Causes of death were partitioned into the following subgroups: cancers, heart diseases, deaths
of despair, injuries, and other diseases. Deaths of despair are deaths from poisoning, suicide, and
alcoholic liver diseases and cirrhosis (Kochanek et al., 2016; Case and Deaton, 2017); we exclude
suicides from injuries. More detail on the distribution of deaths is reported in Table A1l.

The strength of the NCHS data is its large number of observations and precision. The weakness

"Stata and Matlab code for the bounding algorithm and replication code for this paper is available on Github
at https://github.com/devdatalab/paper-nra-mortality.

8We aggregate the small share of people who attain no high-school education with people who attain some
high-school education but do not drop out. See Appendix B for details.



is that mortality rates can only be measured in NCHS by dividing deaths by the population in a
different dataset, creating risk of bias if the datasets have different biases in covariate measurement.
We address many of these potential biases in the robustness section of the paper, but it cannot
be ruled out entirely. The best alternative measures of U.S. mortality come from the NHIS, which
matches individuals to mortality records, eliminating division bias. The weakness of the NHIS is
that it has too small a sample to measure mortality change among less educated groups with much

precision, as we show in Appendix D.6.
3 Methods: Bounding Mortality in Constant Education Percentile Bins

The selection problem. When the level of education in the population rises, individuals at each
level of education mechanically occupy a lower set of ranks in the education distribution. For
example, among 50-54-year-old women, dropouts were approximately the bottom 19% in 1992 and
the bottom 8% in 2018. The people who drop out of high school in 2018 may be more negatively
selected than in 1992. If mortality rises among dropouts from 1992 to 2018, one might worry that
such negative selection, rather than worsening health outcomes, drives the mortality increase. In
fact, mortality can rise at each level of education even if the mortality rate in the population is
constant. This statistical paradox is known as the Will Rogers Phenomenon or “stage migration”
in the medical literature (Feinstein et al., 1985).

One can resolve this problem by measuring mortality within a constant range of education percentiles
(e.g., percentiles 0-10 or 0-50) instead of at fixed education levels (Bound et al., 2015). Using education
ranks holds the relative size of the group constant over time; the bottom 10% is no more negatively
selected (in relative terms) in 1992 than in 2018.% But it is not trivial to implement this solution because
education is typically observed in coarse categories that cover many percentiles. How does one calculate
mortality among the least educated 10%, if the bottom 15% are bottom-coded as high school dropouts?

We treat this as an interval data problem, where the latent education rank is only observed to

lie within a set of coarse bins. We present a method that bounds the conditional expectation of

9Moreover, such “stage migration” cannot occur if one partitions the rank space into intervals, e.g. if one studies
mortality among ranks 0-50 and 50-100 over time.



mortality at a given percentile and in percentile ranges (e.g., average mortality rates in percentiles
0-10). We introduce and discuss these new bounds in the context of our empirical application, but
they are valid in many other contexts with interval-censored conditioning variables.

We first describe the method intuitively and then formalize it. Figure 2 presents a graphical
example, continuing to focus on women ages 50-54. For these women, mortality in 20162018
is known to be 800 deaths per 100,000 in percentiles 0-8 (high school dropouts) and 535 deaths
in percentiles 8-37 (high school completers). Suppose that we wish to bound the mortality rate
in percentiles 0-10 (Panel A). Our key assumption, formalized below, is that mortality is weakly
decreasing in the latent education rank.

Define 112 as the average mortality between ranks a and b. Mortality in percentiles 0-10 (i.e., 1)
is a weighted mean of mortality in percentiles 0-8 (1§), which is known, and mortality in percentiles
810 (122?), which is unknown. We can bound p2° from above: it must be weakly lower than p3
(=800), or else monotonicity would be violated. We can also bound z2° from below: 1? must be
weakly larger than 37 (=535), or else monotonicity cannot hold between pi? and 135, Taking the
weighted mean of 5 and the bounds on i’ we can infer that mortality in the least educated 10%
(11%) must be in the interval [747,800] (Figure 2B).*

The previous example describes the simplest possible case. There are more complex cases where
the bounds are not simply weighted averages of the adjacent bin means. Panels C and D of Figure 2
demonstrate such a case, in the setting of calculating 7). Here, the bounds also take into account
the following additional logic. We discuss the case of forming lower bounds. Because 3" is known
(=535), w3l must be relatively tightly bounded. The highest value of pi® permits the lowest value
of 137 while still meeting the constraint that 13’ =535. Monotonicity implies that ;2 cannot exceed
800 (since that is the bin mean in ranks 0 to 8). Then, in order that p3’ =535, it must be the case
that the lower bound for x5} is 514.!! Similar logic gives upper bounds.!?

The key intuition behind these bounds is that mortality in an arbitrary rank range is a weighted

19The upper bound of x° is 800. The lower bound of p? is 0.8 x 800+0.2 x 535 ="747.

1 As that value for the lower bound satisfies the equation 2 x 800+ 32 x LowerBound = 535.

2Note that the bounds in the figure differ from the numbers above because the figure shows the bounds for
135; piS can be lower than p37 since the (weakly lower) mortality in ranks 37 to 40 can bring down the average value.



mean of known and partially identified values. If the weight on known values is high or the partially
identified values are tightly bounded, then mortality in the rank range can be tightly bounded. The
bounds can be tightened further with additional structural assumptions if desired, as we demonstrate

below.
3.1 Assumptions

Assumption 1: Latent Education Ranks. We have implicitly assumed in the narrative thus
far that there exists a continuous latent education rank distribution, which is partitioned into discrete
intervals by the observed education levels. For instance, if 10% of people are high school dropouts,
then these people occupy distinct (continuous) ranks 0 through 10. This assumption arises out
of a standard human capital investment model where schooling costs are convex and individual
educational attainment is determined by individual-specific cost and benefit shifters (Card, 1999),
and is required for the selection adjustments used in the prior mortality literature (Hendi, 2015;
Cutler et al., 2011; Bound et al., 2015; Goldring et al., 2016). A person who is highly ranked
within her bin (for instance, the highest-ranked high school dropout) is a person who would have
attained a higher level of education if the cost was only marginally lower or the benefit to them
only marginally higher. Consider an example where two individuals A and B are identical except
A has a lower discount rate, which raises her demand for education. A and B may obtain the same
level of education because years of education are lumpy. However, A may be right at the margin
of attaining a higher level of education and B may be right at the margin of attaining a lower level
of education. If the discount rate also affects health-seeking behavior, then we would expect A to
have lower mortality risk than B, even though their levels of education are the same.!?

Assumption 2: Monotonicity. We assume that mortality rates are non-increasing in latent

education percentile. This assumption is suggested by the standard human capital model above, in

3Note that we are not making causal claims about the relationship between education rank and mortality.
Rather, like the prior literature, we use education as a proxy for socioeconomic status that is readily available in
mortality data. Our exercise is analogous to measuring mortality at a given income percentile, which is understood to
be a meaningful measure even though the income level at that percentile may change over time. If the education level
has a causal effect on health (e.g., through knowledge gain), then we might expect survival to improve at education
ranks which reflect higher levels of education in 2018 than in 1992; our framework allows for this possibility.



that many factors correlated with socioeconomic status are expected to raise educational attainment
and improve health; the direct effect of education on health is also expected to be positive. This
assumption has been made either implicitly or explicitly by other researchers attempting to control for
the rank change problem that we address in this paper (Cutler et al., 2011; Bound et al., 2015; Hendji,
2015; Goldring et al., 2016). The assumption is supported by empirical evidence that mortality and
health are consistently decreasing in levels and in years of education in the United States and Europe
(Pappas et al., 1993; Mackenbach et al., 2003; Meara et al., 2008; Cutler and Lleras-Muney, 2010b).
These papers provide evidence of monotonically decreasing mortality across education bins; our
assumption further imposes that mortality is non-increasing in rank within education bins. Further
corroborating evidence comes from Chetty et al. (2017), who show that mortality is monotonically
decreasing in granular income ranks.'*

Importantly, while we invoke this assumption in the main results, our qualitative findings are similar

if we loosen this restriction or replace it with an alternative structural assumption (Appendix D).
3.2 Formalization of Bounds on the Interval-Censored CEF

Our approach extends Manski and Tamer (2002), who provide bounds on an interval-censored
CEF with an unknown distribution. We show that (i) the Manski and Tamer (2002) bounds can
be improved upon substantially in our context by recognizing the distribution of the conditioning
variable; and (ii) the bounds on the mean value of the CEF in some interval may be much tighter
than the bounds on the CEF at a given point. Finally, we present a numerical framework that
permits the inclusion of arbitrary structural assumptions which may further tighten the bounds.
The reader who is not interested in the details of the formalization may skip to Section 3.4.
Consider random variables y and z. In our setting, the variable y is the binary variable indicating
whether an individual survives (survival =1, death =0), and x is the latent education rank. Although
we generalize x, in the setting where x corresponds to ranks, we can think of x as belonging to

the interval [0,100], the set of education ranks. Define the average survival rate Y (z=1)=E(y|x=1)

14We discuss some empirical exceptions to this general monotonicity in groups that we study in Section 4.
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for particular latent education rank 7.1

Assume that z is only observed to lie in one of K closed intervals that are non-overlapping (except
at endpoints) and cover the distribution of z. Each interval (or “bin”) is indexed by k€ {1,....K}
and we write that interval & is the set [z,zx11]. For instance, [x1,2s] represents the set of education
ranks corresponding to the lowest education level in the data.

Our goal is to estimate Y (z =1i) for some i (e.g. E(y|r=10) is the survival rate at the 10th
percentile), or E(y|z €la,b]) (e.g. E(y|x€]0,10]) is the average survival rate in the least educated

10%).16 Define the expected value of y in bin k as

Ty = E(y|v € [Th,2041])-

Thus 71 is the average survival rate for people in the lowest education bin, e.g. high-school dropouts.!”

Because x represents education ranks, ranks are uniform by construction:'®

x~U(0,100). (Condition U)

We formalize the monotonicity assumption:

E(y|z=1) is weakly increasing in i. (Assumption M)

Restate the following assumptions from Manski and Tamer (2002):

P(x€lxg,zr])=1. (Assumption I)

E(y|x is interval censored) = E(y|z). (Assumption MI)

15For consistency with the literature (Manski and Tamer, 2002), we frame the problem in terms of the survival
rate, which is monotonically increasing in education rank, rather than the mortality rate, which is decreasing in rank.

6Note that a and b need not correspond to points x; that demarcate bins.

"n the case of survival rates, let 79 =0 and 7 1 =1; these are the upper and lower bounds for the well-defined
survival probability.

18We label U as a “condition” rather than an “assumption” because it is guaranteed to hold with ranks.
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Assumptions I and MI are regularity conditions about interval censoring. Assumption I yields
that, if x is interval censored, it truly lies within its given bin, and assumption MI states that the
fact of interval censoring yields no additional information about z.'

From Manski and Tamer (2002), we have:

re-1 < E(y|lr) <rgi (Manski-Tamer bounds)

Intuitively, with no information on the distribution of the conditioning variable, the CEF is sharply
bounded by its mean value in the prior and subsequent bin. Recognizing the uniform distribution

of ranks yields the following proposition.

Proposition 1. Let x be in bin k. Under Condition U and Assumptions M, I, and MI (Manski

and Tamer, 2002), and without additional information, the following bounds on E(y|x) are sharp:

1 < E(yle) <

— Tk41—T

(zps1—zp)re— (T—2p)T8—1), T<T

$_1zk (1 =) — (Vg1 —2)Tpp1) S E(y|z) <rpeys, v2>7]

where

T 1Thr1 — (Tt — Tp )T — ThT -1

Xy =
Tk+1—Tk—1

We refer to these as NRA bounds; the proof is in Appendix C.1. Figure 3 shows the Manski
and Tamer (2002) bounds and the NRA bounds on the mortality function above describing women
aged 50-54 in 2018. The NRA bounds, which use the distribution of the data, are substantially
tighter than the Manski-Tamer bounds.

In Appendix C.1, we generalize Proposition 1 to the case with an arbitrary (but known) con-
ditioning distribution. This generalization may be useful in settings where variables are commonly
modeled with parametric distributions. For instance, in a setting with interval-censored income,

this method could be applied under the assumption of a lognormal or Pareto income distribution.

These always hold in our case, because all data are interval censored. We label them as assumptions for
consistency with Manski and Tamer (2002).
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Appendix C.1 describes an additional proposition providing analytical bounds on the average value
of the CEF between percentiles a and b, which we call = E(y|z €[a,b]) for interval-censored x.

As demonstrated in Figure 2, bounds on percentile ranges can be very tight. An important case
is given by p, = E(y|z € [a',l/]) where o’ and ' are particular rank boundaries in the education data
(i.e., they correspond to xy, for some k). In that case, uzl, can be point identified; it is exactly the
value of 7, in the observed bin (the bin mean), or the weighted average of the bin means across the
bins that ' and b span. In contrast, E(y|x=1) is not generically point identified at any value of .

Table 1 presents an illustrative comparison of bounds on E(y|z=1) and p for different intervals.
Bounds on y? are generally (but not universally) tighter than bounds on E(y|z =), and in some
cases they are much tighter. Bounds on p are tightest when a and b are close to bin boundaries

in the data; we use this fact to select the objects of our analysis in the results below.?
3.3 A numerical framework for arbitrary constraints.

An advantage of the partial identification approach is that we can transparently leverage plausible
structural assumptions to obtain tighter bounds. For cases where analytical solutions may be
unavailable, we develop a numerical optimization framework for calculating E(y|x) and other
functions of the CEF. The numerical optimization generates identical results to Proposition 1 under
Assumptions 1 and 2 only, but allows us to impose arbitrary additional structural constraints. In
particular, we consider a constraint on the curvature of the CEF, which prevents large discrete
changes in the level or slope of the CEF at a single point in the rank distribution.

The numerical framework identifies bounds on a target parameter (e.g. E(y|x=1) or E(y|z €[a,b]))
by identifying a pair of CEFs which respectively maximize and minimize that measure, subject to
matching the observed bin means in the data and meeting a set of restrictions, like a curvature con-
straint or monotonicity restriction. The framework is very flexible: arbitrary assumptions and outcome
measures can be considered. The numerical optimization approach is described in Appendix C.2.

Our main results below use the numerical optimization, imposing a structural assumption that the

20For instance, in our context, u® can be tightly bounded for most groups in most years, but p32® cannot. This
is a limitation of the information contained in the data; if an analyst views 125 as a much more important object
than pd?, they can tighten bounds on the mortality function by making additional structural assumptions (see below).
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second derivative of the underlying CEF cannot exceed some constant C. This curvature constraint pre-
vents marginal changes in the latent education rank to be associated with discrete jumps or kinks in the
CEF. The intuition for this assumption is that a marginal increase in education rank should not yield
a discrete benefit for health.?! Naturally, adding structural assumptions yields (weakly) tighter bounds.
Figure 3 shows the effect of adding the curvature constraint to bounds on mortality of the sample group
above; Table 1 shows the effect on mortality at various points and ranges of the education distribution.

While we impose the curvature constraint in our primary results, our findings are robust to
imposing a weaker curvature constraint or none at all (Appendix D). This highlights a key advantage
of the partial identification approach: we can clearly present how each assumption affects the bounds.

Our publicly available software permits the researcher to apply a flexible set of structural assump-
tions. Different assumptions may be more or less plausible in different applications; the software

allows the researcher to adjust these assumptions depending on the context.
3.4 Illustrating the Bias in Naive Mortality Estimates

Figure 4 presents an illustrative comparison of the difference between naive estimates of mortality
change (dots) at education levels with bounded estimates of mortality change (lines) at constant
education percentiles, i.e. p2. The graph plots mortality rates for women aged 50-54 with less than
a high-school degree (Panel A) and with a high-school degree (Panel B), showing percentage changes
from 1992-1994 through 2016-2018.%2

Panel A shows i (i.e., the bottom 17%), and Panel B shows 1$9 (i.e., the women between
ranks 17-60 in the own-gender education distribution). We choose these ranks because they are
approximately the share of women in 1992-1994 with less than a high-school degree or exactly a

high school degree, allowing the bounds to be very tight in the starting period.

21 Alternatively, we can allow sharp kinks or jumps in the mortality function at ranks corresponding to major
education bin boundaries, such as high school completion. This would be motivating by the possibility of sheepskin
effects (Hungerford and Solon, 1987), wherein completing high school (say) gives a discrete benefit for health. Note
that sheepskin effects would only affect mortality through the causal effect of education on health (including through
any mediating channel like income); any part of the relationship between socioeconomic status and mortality that
is not driven by education would not be affected by sheepskin effects. We show below that allowing for these effects
does not widen the bounds appreciably.

22Note that women of all races/ethnicities are pooled in this example, so the point estimates of mortality change
are not directly comparable to the race-specific estimates in the results section.
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The naive estimate of mortality change for high school dropouts in this age-gender group is
36%. The comparable constant percentile estimates are bounded between 13% and 34%. The naive
estimate is thus unambiguously biased upward, but it is close to the upper bound on mortality change.

The bias in the high school completer group is substantial and reverses the sign of mortality change.
Here, the naive analysis suggests that mortality has risen by 17% from 1992-1994 to 2016-2018.
Holding ranks fixed, however, we conclude that mortality has in fact fallen by 5-14% in percentiles
corresponding to high school in 1992-1994.

Appendix Figure A2 shows similar graphs split by race and gender. The bias in the naive estimates
depends on the mortality-education gradient and the magnitude of the shift in bin boundaries. The
examples above show that the bias can vary, even within the same age-gender group. There is no
simple rule of thumb for adjusting naive estimates; but our paper provides a readily calculated

measure that corrects for the shift in the education distribution.
3.5 Comparison with alternative methods of correcting for selection bias

We are aware of three approaches that other researchers have taken when faced with this selection
problem (other than ignoring it completely). First, researchers have reassigned individuals across
bins at random to obtain constant percentile mortality estimates (Meara et al., 2008; Bound et al.,
2015; Hendi, 2015; Leive and Ruhm, 2020) — for instance, reassigning high school graduates to
the dropout bin. This approach implicitly implies that the CEF of mortality given education rank
is a highly discrete step function with constant mortality in each bin.

This function is unlikely to be a plausible description of reality for several reasons. First, this
function implies enormous sheepskin effects in education, because it suggests that the individual
who just barely completed high school (percentile 8.0 for 50-54-year-old women in 2016-2018) has
far lower mortality than the individual who was right at the margin of completing high school but
then dropped out (percentile 7.9). Second, it implies that the high school completer right at the
margin of dropping out (percentile 8.0) has the same expected mortality as the high school completer
right at the margin of going on to college (percentile 36.9). A standard human capital model rejects

this function: individuals at the margin of completing college would be expected to have higher
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socioeconomic status than those at the margin of dropping out, and thus lower mortality risk.

Moreover, the implicit assumption of this step function can introduce downward bias in mortality
change estimates. To construct mortality in a fixed percentile range at the bottom of the distribution,
the researcher increasingly adds randomly-selected high schoolers over time (because the percentile
threshold for high school is falling as education rises). But a randomly chosen high schooler likely has
lower average mortality than a high schooler who is at the margin of dropping out. This approach
thus leads to underestimates of mortality change in the least educated group.

This step function is the edge case in the NRA bounds, if we permit discrete jumps in the
mortality CEF at education boundaries (as in Appendix D). Our partial identification strategy thus
accommodates the approaches of this prior work, but also permits a range of more realistic CEFs
that would reject this function.

Second, Cutler et al. (2011) reassign individuals across education bins based on additional data.
For instance, to reassign college completers to high school, they use a regression approach to reassign
the individuals who would be most likely to have been high school completers in an earlier time
period, based on age, region, marital status, and income. This approach is an improvement over
the random reassignment used in the other papers above, but is not available in vital statistics data
which report few markers of socioeconomic status other than race and education.

Finally, researchers have avoided the problem of selection bias by focusing on cohorts, subgroups or
sample periods where education levels have not changed very much, such as Case and Deaton (2015,
2017). While valid, this strategy must constrain analysis to subgroups for whom education levels
have not changed substantially. In many cases, researchers would like to study groups like high-school
dropouts where relative ranks have changed over time. Our methods allow us to study such groups
— and indeed, we show that disaggregating the least educated is important for understanding U.S.
mortality change. Second, it is not clear when education levels have changed “too much” such that
selection bias becomes an important concern. Our approach provides a principled way of quantifying
the possible selection bias. If the bias is small, then the qualitative conclusions may be unchanged

from a naive approach. Appendix C.3 examines the similarities and differences between the results
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that arise from the use of these different methodological choices in the prior literature.
4 Results
4.1 Applying the Methodology

We begin by noting some details of the application of NRA bounds (Section 3) to our specific
mortality setting.

Selecting a curvature constraint. Our primary results are computed numerically, under
the assumptions of monotonicity and constrained curvature. To choose a conservative curvature
constraint, we require the curvature to be less than 50% higher than the largest value of the curvature
of the U.S. income rank-mortality function reported by Chetty et al. (2016) (Appendix C.2).%3

Choosing percentile ranges. Mortality can be most tightly bounded in rank intervals that
are close to rank bin boundaries in the data. We select percentile bins for analysis by matching
the education levels of 50-54-year-olds in 2003, a group that is approximately the middle cohort
in our sample and an age group emphasized by the prior literature.?* We calculate mortality for
the following four education groups: (i) the bottom 10% (the share of the age 50-54 population
who were high school dropouts in 2003); (ii) percentiles 10 to 45 (those with high school degrees only
in 2003); (iii) percentiles 45 to 70 (2-year college degrees in 2003); and (iv) the top 30% (Bachelor’s
degrees or higher in 2003). Mortality estimates in education quartiles or deciles would be useful,
but given the existing rank bin boundaries in the data, they cannot be bounded as tightly and are
thus less informative. We do not present these, but they can be readily calculated from the shared
code and data. Because the data include the universe of deaths and statistical uncertainty regarding
the population totals is very small, we follow the previous literature in omitting confidence intervals.

Own-gender, across-race ranks. As in Chetty et al. (2016), we rank men and women in each

age-year group against members of their own gender, estimating mortality for a given percentile group

23To generate a comparable C across all age-year-gender CEFs, we construct a “normalized” C which is the
absolute value of the second derivative for the CEF, divided by the mean across all percentiles. This procedure
accounts for the potential concern that, e.g., CEFs with higher mortality (for instance, in older groups) may have
larger (unnormalized) C without having larger curvature.

24For any other age group, a different set of percentile bins might yield tighter bounds, but we chose the same
percentile bins for all groups to maximize comparability.
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of men or women. For instance, when we examine the bottom 10% of the education distribution,
we mean “the 10% of least educated women,” rather than “women in the bottom 10% of the entire
population education distribution.” We chose own-gender reference points because (i) women’s and
men’s labor market opportunities and choices are often different, and (ii) women and men often
share households and incomes, making population ranks misleading. We construct ranks across
all racial groups (including other races, e.g. Hispanics, that we do not analyze in the paper).

Note that our method assumed that latent ranks are uniformly distributed within education
rank bins; this assumption does not necessarily hold within racial groups. For instance, among the
bottom 10% of women, the education ranks of white women (ranked against all women) may not be
uniform. The assumption of uniformity is not integral to our approach; the analytical formulas we
provide permit the imposition of arbitrary parametric assumptions about the ranks. In Section 4.5,
we provide several pieces of evidence that the uniformity assumption does not bias our results on
mortality changes. For parsimony, we therefore proceed with the assumption of uniformity but
acknowledge that it does not hold exactly.

We present an alternative modeling choice that guarantees the assumption holds: in Appendix
D, we present results when we generate education ranks within own-race and own-gender groups.
The advantage of the own-race approach is that re-ranking people within race and gender recovers
uniformity of ranks within race-gender cells, by construction. The disadvantage is that doing so
departs from the convention in the literature of comparing outcomes among all people within each
gender, rather than within each race-gender group.

Non-monotonicity. For a small number of population subgroups, we do not observe monotonic-
ity in the data. In the majority of these cases, the mortality rate in the higher education group
is within 5% of that in the lower education group, so the monotonicity violation is not substantive in
comparison with the width of the bounds. For black cohorts over the age of 55 in 1992-1994, there
are more substantial violations: high school graduates often have higher mortality than dropouts, and

B.A. recipients often have higher mortality than individuals with some college. Such non-monotonic
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means are isolated to the oldest black cohorts.?

Because our constrained optimization imposes monotonic CEF's on these groups, we may overstate
health improvements for the oldest black age groups, because monotonicity makes mortality among
dropouts look worse for these cohorts in 1992-1994. Given that our primary finding is divergence
by education group, allowing for non-monotonic mortality among older black cohorts would only
strengthen our results. We also show in Appendix D that all our results are robust if we loosen

either the monotonicity or constrained curvature assumptions.
4.2 Unadjusted Mortality Changes by Education Levels, Ages 50-54

Figure 1 presents the raw data for 50-54 year olds in 3-year bins, showing total mortality (deaths
/ 100,000) from 1992-1994 to 2016-2018, separately for each education level and by race and gender.

The four groups of points on each graph represent individuals with (i) less than high school
education; (ii) high school education; (iii) some college; and (iv) a Bachelor’s degree or higher. The
mean education percentile for individuals in a given education category is plotted on the X axis. In
1992-94, 17.4% of women aged 50-54 had less than a high school education. The average percentile
rank for someone in this group is 17.4 / 2 = 8.7; mortality for this group is therefore plotted (with
a black triangle in Panel A) at 8.7 on the X axis. In 2016-18, 8.0% of women had less than a high
school education; their mean education percentile was 4.0 (yellow square). Intermediate points show
the transition path between these years.

Among white women (Panel A), 50-54-year-old high school dropouts had mortality rates 161%
higher in 2016-2018 than in 1992-94, suggesting an annualized mortality increase of 4.1% per year.
Unadjusted mortality rose 38% for 50-54-year-old high-school-educated white women, rose 11%
for women with some college, and fell by 35% for white women with Bachelor degrees or higher.
Panels B through D present unadjusted estimates for white men, black women, and black men.

The points systematically shift to the left over time, because education for all race and gender

groups rose steadily over the sample period. The decreasing average rank over time implies that

Z5This pattern could arise from some form of positive selection, such as survival of the 1980s crime waves or
HIV epidemic. Examination of this hypothesis is beyond the scope of this study.
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unadjusted mortality changes at given education levels are biased upward by selection (Dowd and
Hamoudi, 2014; Bound et al., 2015; Currie, 2018). The next section adjusts these estimates for
changes in the size and relative rank of each group by studying constant percentile education groups

rather than constant levels of education.
4.3 Mortality Changes in Constant Education Percentile Bins, Ages 50-54

We now turn to estimates of mortality for the same age group in constant percentile bins, which
are displayed in Figure 5.2 The top left panel shows mortality rates for white women, with one
series for each education percentile group. Mortality among the least educated 10% rose steadily
from [614, 738| deaths per 100,000 in 1992-1994 to over 1475 in 2016-2018, an increase of 100-150%,
or about 2.9%-3.9% per year. As expected, this is a smaller increase than the unadjusted mortality
change shown in Figure 1; the original point estimate for dropouts is outside the bounds for the
constant rank group, and the bias in the naive estimate could be as large as 61%. However, even the
lower bound on mortality change (+100%) implies a stark increase in mortality, and a change much
higher than that in the next constant rank group. In percentiles 10-45, white women’s mortality
change is bounded between [—6%,19%]. Among the most educated 30%, white women’s mortality
change was bounded between [—45%,—36%], an annualized decline of about 2% per year.

Turning to white men, we find a similar divergence of the least educated 10%. Mortality increased
by [36%, 62%)] in the bottom 10%, while the group from percentiles 10-45 saw mortality changes
in [—6%,3%]. White men in the top 30% experienced mortality declines of at least 43%. As above,
the naive estimates from Section 4.2 are outside of these bounds, but they are not far from the
upper bound estimates.

The remaining panels of Figure 5 show estimates for 50-54-year-old black women and men

26The four constant education percentile groups correspond to education percentile bins in 2016-2018. To obtain
bounds on mortality changes when mortality in each year is interval-censored, we first estimate bounds on total
mortality in 1992-94 and 2016-18, respectively denoted [thy;6,t5016) and [thggs,tiogs]. We obtain mortality changes
in percent terms as:
lower bound on mortality change=100x (tl2016 [tio02)

upper bound on mortality change=100x (t5y5/ tl1992)
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respectively. Mortality rates among blacks also diverged by education group, but less so than among
whites. Among 50-54-year-old black women, mortality rose by 34-41% for the bottom 10%, but
declined among all groups in the top 90%. For black men aged 50-54, mortality change was close

to zero in the bottom 10% but declined by at least 30% in all other groups.
4.4 Constant Education Percentile Changes in Mortality at Other Ages

This subsection expands the analysis to all age groups and presents our primary results. Figure 6
shows bounds on mortality change from 1992-94 to 2016-18, separated by race, gender, age bin, and
the four constant education percentile categories described above. We draw attention to three findings.
First, the mortality increases among white men and women (panels A and B of Figure 6) are
principally driven by the bottom 10%. Trends in mortality rates among white men and women of all
ages are similar to the trends for 50-54-year-olds discussed in Section 4.3. Among percentiles 0-10,
white men and women experienced large mortality increases, larger than 50% for most age groups.
In education percentiles 1045, mortality is largely flat or declining among whites over the age
of 50. At younger ages, trends are stark, paralleling those in the bottom ten percentiles: mortality
has risen 30-61% among 25-year-old white men and 73-116% among similarly-aged white women.
However, since most deaths occur at higher ages, the all-age death rate in percentiles 10-45 is
relatively flat among whites. While we lack precision for percentiles 45-70, we observe decisive
declines in mortality in the top 30 percentiles of the education distribution for both men and women.
Second, we observe divergence of mortality by education among black men and women, but
without the large rise in mortality in the bottom 10% (panels C and D of Figure 6). In particular,
all percentiles except 0-10 exhibited substantial mortality reductions among blacks, while mortality
change hovered around zero in the bottom 10%. Some middle-aged black cohorts in the bottom 10%
saw mortality increases (especially black women aged 40-59), while other ages saw only small positive
mortality increases or reductions. Black men in the most educated 30% had the largest reductions
in middle-age mortality out of all groups, closing some of the mortality gap with white men.
Third, we find that the proximate causes of these mortality changes vary substantially by race and

age. Figure 7 decomposes the mortality changes above into deaths from suicide, poisoning, and liver
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disease (what Case and Deaton (2017) call “deaths of despair,” orange bars) and all other deaths
(gray bars). We present the percent change in total deaths driven by each of the two causes, so
that adding the two bars produces the total percentage mortality change (as displayed in Figure 6).

For example, consider the first group displayed in Panel A: white women aged 25-29 in the least
educated 10%. Mortality from deaths of despair for this group increased by 616%-750%. However, be-
cause they started from a low base, this change in deaths of despair mechanically caused total mortality
to rise by 84-104% (the orange bar on the graph). Deaths from all causes other than despair increased
by 30-55% for this group, causing total mortality to rise by 27-48% (the gray bar on the graph).?”

Among white men and white women below 45, deaths of despair play an important role in driving
overall mortality increases. In particular, the gains in deaths of despair are responsible for the
majority of the mortality increase of white men below 40. At older ages, deaths of despair are
still rising but play a minor role in overall mortality increases. Deaths of despair are also rising
in percentiles 45-70 at all ages for both white men and women, and for white men under 50 even
in the highest educated group (albeit at much lower rates).

One way of summarizing these results is to aggregate mortality changes across all ages, though it
masks some of the important heterogeneity and emphasizes changes at older ages where most deaths
occur. To aggregate mortality rates across ages while holding constant the change in the population
age distribution over time, we weight the age-specific mortality rates in the data with the standardized
U.S. population distribution for ages 25-69.28 Using these aggregates, Table 2 presents age-adjusted
bounds on mortality change from 1992-1994 to 2016-2018 for each constant education percentile group.

The table highlights the substantial divergence of mortality rates between high and low education

2"More precisely, let total deaths in year y be in interval [téj,t}j]. Let deaths of despair d be in interval [dé,d;].

Index years 2016-2018 and 1992-1994 by 2016 and 1992, respectively. The lower bound for the orange bar is given by:
lower bound =100 (db,6—dtges) /tio92,

whereas the upper bound is given by:
upper bound =100 x (d5y6 —dl1992) Jtho0s-

Mortality changes for other deaths are given similarly.
BThe standardized U.S. population distribution was obtained from https://seer.cancer.gov/
stdpopulations/.
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groups in all four gender and race groups. For whites in the least educated 10%, mortality rose
substantially, by 69-112% for women and 47-67% for men. Among blacks in the least educated
10%, mortality rose for women by 9-17% and was close to unchanged for men (-1% to +3%). For
the most educated 30% of individuals across all race and gender groups, mortality rates fell by over
35%, with the largest gains for the most educated black men.?

Appendix Table A2 shows the percent increase in deaths of despair, as well as heart disease,
cancer, injuries and other causes for all sex/race groups, combining all ages. It is notable that among
middle-aged whites in the bottom 10%, mortality from cancer, heart disease, and other diseases

all rose over the sample period.
4.5 Robustness

Appendix D presents a range of robustness checks on the primary results. Appendix D.1 explores how
the bounds change as the monotonicity restriction is loosened; for the least educated group, loosening
monotonicity does not lead to dramatically different results because the empirical monotonicity
across bins is so strong.

Appendix D.2 shows that results are robust to alternate assumptions on the bounding methodology.
We show that results are similar when: (i) bin boundaries are based on education levels in 1992-1994
rather than 2016-2018; (ii) education percentiles are defined relative to members of the same race
and gender, rather than just the same gender; (iii) we permit sheepskin effects in education (allowing
the CEF to have discrete jumps at bin boundaries); and (iv) we remove the curvature constraint
and permit CEFs with unconstrained curvature.

As noted above, defining education percentiles relative to the same race and gender, as in (ii),
guarantees that the uniformity assumption holds, so it is a strong confirmation that non-uniform

distributions within each bin drive our results. We further probe this assumption in Appendix D.3,

29These numbers, along with mortality levels by age, education bin, race and sex for all groups are reported in
the accompanying data files. As noted earlier, Appendix Figure Al plots these estimates against the naive estimates
of mortality change at four levels of education: dropouts, high school completion, some college, and B.A. or higher.
We also disaggregate these over time, by race, in Appendix Figure A2.

30Note that in Table A2, we show the percentage changes for each cause, while Figure 7 shows the contribution
of deaths of despair to total mortality. For deaths of despair, the percentage changes are very large because they begin
from a small base; but for many cohort groups, they contribute only a small amount to changes in total mortality.
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where we demonstrate that our findings cannot be explained by changes in the relative distribution
of black-white education ranks within education bins. Together, these imply that our assumption
of uniform ranks within bins for each race group is not leading to bias.

Division bias. One concern with our mortality estimates may be that they are calculated by
dividing the number of deaths (from NCHS data) by the population (from the CPS). If ethnic status
or education is misreported in one of the two datasets, our mortality estimates could be biased.
Note that for our mortality change estimates to be biased, the extent of misreporting would have
to change differentially across datasets. We show that the division bias from any such misreporting
is unlikely to be large enough to spuriously generate the large changes in mortality that we find
among the least educated whites.

We would be most concerned if death records increasingly overstate the number of white high
school dropouts among the deceased, and/or the CPS increasingly understates the population of
white high school dropouts. Either of these situations would cause our mortality change estimates
to be biased upward. One way that this could happen would be if individuals who are white
increasingly report Hispanic identity in the CPS, but not in the death records.?! A second way
would be if individuals who are dropouts increasingly inflate their education when responding to
the CPS (thus lowering the population count of dropouts), but their education is correctly reported
on death certificates.>? However, if there is a constant rate of differential misreporting between CPS
and death certificates, our change estimates are not biased.

We address division bias in three ways. First, in Appendix D.4, we show that measurement error in
ethnicity or changes in reporting patterns of Hispanic identity cannot explain our results. We simulate
systematic measurement error in Hispanic identity and show that our results are sustained even
with highly implausible changes in patterns of Hispanic reporting. This exercise rules out that, say, a

greater propensity among economically successful Hispanics to identify as white could yield our results.

31Note that if Hispanics increasingly report as white, that would cause our mortality change estimates to be biased
down (i.e., our reported estimates are conservative), because Hispanics generally have lower mortality than whites.

321t is also possible that true Hispanic identity is decreasingly reported on death certificates, or that death
certificates increasingly report dropout status either among dropouts or those with high school. We view these
circumstances as less likely, but the tests below address them as well.
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Second, in Appendix D.5, we bound the error that could arise from false reporting of education
or ethnicity in the CPS by examining the size of synthetic CPS dropout cohorts over time. If CPS
respondents increasingly overreport their education, or if white respondents are increasingly reporting
themselves as Hispanic, then the synthetic cohort of non-Hispanic white dropouts will shrink in
size more than can be explained by the death rate and the rate of continuing adult education. We
show that under the worst-case assumptions for our hypothesis, misreporting of education in the
CPS could potentially account for less than 8% of the mortality change of the least educated white
women in the 1950-54 birth cohort and less than 24% in the 1960-64 birth cohort. The worst case
bias for white men and at higher education groups is even smaller. As we discuss in Appendix D.5,
this worst-case bias scenario is very unlikely to be true; it is therefore implausible that erroneous
population counts in the CPS are driving our findings.

Third, in Appendix D.6, we calculate mortality rates and other health measures using the National
Health Interview Survey (NHIS). The NHIS makes it possible to measure mortality in a sample
of individuals without any division bias, because survey respondents are followed up for many years
and any deaths are recorded. The NHIS broadly supports the notion of divergent outcomes between
high-school dropouts and high-school completers (Hendi, 2015; Sasson, 2016; Hendi, 2017; Sasson,
2017), but the very small samples of dropouts lead to very imprecise estimates.*

In Appendix D.6, we also examine self-reported health status in the NHIS, which is measured
more precisely than mortality. We find that self-reported health status declines more for white female
dropouts than for white women with all higher levels of education, with the difference concentrated
among 40-60 year olds—the same age group that had the highest differential mortality change
between dropouts and high school completers in our main analysis (Figure 6). Among men, health
changes are similar between dropouts and high school graduates for young men, but among older
men, dropouts experience substantially more health deterioration than high school completers, again

consistent with the results in Figure 6. Changes in self-reported health status are thus consistent

33Hendi (2015) finds that mortality is not rising for the male dropouts in the NHIS. Our NHIS analysis is
consistent with Sasson (2017), who argues that the NHIS sample of white male dropouts is too small to distinguish
between zero mortality change and our reported effects of 1.6-2.2% growth per year in the bottom 10%.
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with our finding that mortality changes among whites are driven by those in the least educated 10%.
Finally, in Appendix D.7, we replicate the analysis after pooling dropouts and high school
completers into a single education group. This eliminates most of the division bias and misreporting
concerns because: (i) the synthetic cohort analysis above shows that the size of the less than or equal
to high school (LEHS) population in the CPS cannot be biased by more than 10% either for men or for
women; and (ii) the group size is much larger, so a small amount of misreporting cannot substantially
shift the population size and bias the estimated mortality rate. The disadvantage of pooling these
groups is that we can no longer tightly bound mortality among the bottom 10%. However, we can
decisively reject the hypothesis that mortality change among the bottom 45% of whites is driven
by selection alone. For cohorts under the age of 45, we continue to find that mortality rates in the
bottom 45% of the education distribution have risen by more than 50% for white women and 25% for
white men from 1992-1994 to 2016-2018. These numbers are lower than the estimates for mortality
increases in the bottom 10% in the main part of the paper, because they pool the high mortality
increases among the bottom 10% with the smaller mortality increases among percentiles 10-45.
To conclude, while there is undoubtedly some measurement error in education and ethnicity in
both the vital statistics and the CPS data, it is very unlikely that measurement error can explain the
substantial increase in mortality among the least educated non-Hispanic whites. It is worth noting that
other measures of socioeconomic status also have their limitations; for example, studies using income
as a measure of socioeconomic status often exclude those reporting zero income, and do not consider

all transfers or illicit income, which may be important at the bottom of the income distribution.
5 Conclusion

This paper makes two primary contributions. Methodologically, we introduce new bounds on con-
ditional expectation functions with interval-censored conditioning data. Our approach is particularly
useful for bounding CEF's with education data. In many cases, one wishes to present trends in a given
outcome over time by education group (e.g., wages, fertility, or marriage rates over time for people with
a B.A.), an analysis that is subject to similar concerns about selection raised in this paper. Our method

addresses these concerns by making it feasible to track outcomes in constant education ranks over time.
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The method is broadly applicable to other contexts as long as researchers are willing to assume some
parametric distribution for conditioning data. Other settings where it could be useful applied include
the study of CEFs with top-coded or interval-censored income data, Likert scales, or bond ratings.

Empirically, this paper studies U.S. mortality change at different points in the education dis-
tribution. The post-war era has been characterized by improving health and survival of nearly
all demographic groups in all developed countries. Rising mortality among white non-Hispanic
Americans represents a major deviation from this trend, and understanding the factors behind this
change is a central policy concern.

While there has been substantial interest in education as a risk factor for mortality change, the
selection bias inherent in earlier estimates of mortality among the less educated has made it difficult
to study. Our approach generates estimates of mortality change in constant education percentiles
that quantify the uncertainty from changing education bin boundaries over time. Our findings
point to large increases in mortality for white men and women in the bottom 10% of the education
distribution, indicating a public health crisis among the least educated.

Our findings reconcile several views previously expressed in the literature. We confirm that earlier
estimates of mortality at constant levels of education did overstate mortality increases due to selection
bias. However, the mortality change due to selection bias is swamped by the actual mortality change
at constant education percentiles. Death rates for the least educated have dramatically diverged
from death rates of other groups in virtually all middle-age race and gender groups. These mortality
increases have a range of causes beyond the widely discussed increases in deaths of despair.

These findings are consistent with the mortality divergence across education groups from 1981-2000
(Meara et al., 2008); we show that this divergence has continued through 2018, and cannot be
explained by selection bias from rising education. Our findings also support the Case and Deaton
(2015; 2017) findings that rising middle-age mortality is concentrated among less educated whites.
But our analysis focuses on more disaggregated population subgroups where education levels have
changed substantially over time (e.g. younger cohorts and women) — subgroups where unadjusted

estimates were thought to be substantially biased.
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These results provide a new perspective to recent analyses of changing mortality at different
percentiles in the income distribution (Cristia, 2009; Chetty et al., 2016). Like the poor, the least
educated experience a range of socioeconomic disadvantages, such as high unemployment, low
insurance coverage, poor nutrition, and exposure to harmful environmental factors. Our estimates
imply that recent middle-age mortality increases among the least educated 10% are worse than those
among the poorest 10%. This could be because low income is more transitory than low education
or because education is a marker of early life disadvantage and reflects low socioeconomic status
in the present as well as in past years.

To better understand the causes of these mortality increases, researchers have searched for factors
that predict rising mortality (Cutler et al., 2011; Case and Deaton, 2017; Ruhm, 2018). Pinpointing
the causes of mortality increase will require taking into account the fact that education is a key
predictor of mortality change and that the proximate drivers of mortality change differ substantially

across different groups.
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Figure 1

Mortality vs. Education Rank, Age 50-54, 1992-1994 to 2016-2018
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Note: “White” refers to non-Hispanic white and “Black” to non-Hispanic black. The figure shows change in mortality and average education rank for individuals
aged 50-54 at different levels of education, from 1992-1994 to 2016-2018. Each point represents the average number of deaths per 100,000 people among people
with one of four levels of education: No High School, High School, Some College, and a B.A. or Higher. The X coordinate of each point represents the average
education percentile among people with the given level of educational completion. For example, a 50-year-old white woman with a high school education was at the
39th percentile of the education distribution in 1992-1994 and at the 22nd percentile in 2016-2018. Sources: ACS, CPS, NCHS.
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Figure 2
Calculating the CEF of Mortality Given Education Rank

Panel A

42 is the mean mortality between percentiles a
and b. p§ and p37 are known, since they line
up with bins in the data.

1000

800

600

400

200

1200

1000

800

600

400

200

535
1l is a 1% must be
weighted mean between 5
of ,u%oand and 137 by
Mg monotonicity.
0 10 20 30
Education Rank
Panel B
pb” is
tightly bounded
between 747 and
800.
800
535
0 10 20 30

Education Rank

35

318
\ 4
40 50
318
\ 4
40 50



Panel C

1200
1000 By monotonicity, 3 cannot e 12711% be lgéetween
be above p3” but cannot be pg" and P37 by
so low that pi® needs to be monotonicity
800 b S (s te bel
500 above g (see note below)

600 535

Mortality Rate (Deaths / 100,000)

400
318
@
200
119 45 a weighted mean
of ufy and pi3?
0
0 10 20 30 40 50
Education Rank
Panel D
1200
1000
=)
S
Dﬁ
o 800
S
— 800 —r——
~
n
=
-~
g
@/ 600 535
= N e
+—
<
[a's
=
£ 400
= 318
+ L g
o
= wis is tightly
200 bounded between 495
and 535.
0
0 10 20 30 40 50

Education Rank

Figure 2 provides a graphical description of the calculation of the bounds on p® in two scenarios. The data are
from women aged 50-54 in 2016-18. The vertical lines show the rank bin boundaries for each education bin for
this group. The points show the mean mortality in each bin. The first two panels show the calculation of ;{° and
the following two panels show the calculation of x15. In Panel C, the upper bound of 3 cannot exceed the value
of 37, because that would require 12° > p37. The lower bound cannot be below 514, or else 13° would need to
be higher than x8 to fit the bin mean, thus violating monotonicity. Source: NCHS.



Figure 3
Change in Total Mortality of U.S. Women, Age 50-54
Bounds on Conditional Expectation Functions
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Figure 3 shows bounds on the conditional expectation function of mortality as a function of latent educational rank.
The sample consists of U.S. women aged 50-54; mortality is measured in deaths per 100,000 women. The points in the
graph show the mean education rank and mortality in each year for individuals with (i) less than high school; (ii) high
school; (iii) some college; and (iv) a B.A. or higher. The curves show the bounds on expected mortality at each latent
parent rank (E(Y|X =1) in the text). The outer (blue) bounds are calculated following Manski and Tamer (2002).
In the bottom bin, the blue bounds are truncated at 2,000 for visual clarity but actually extend to 100,000 (since
the procedure cannot reject a mortality rate of 1 up to the first bin cut). The middle (red) bounds are calculated
following our method with unrestricted curvature. The tightest (gray) bounds are calculated restricting the curvature
to 3% of mean mortality across every percentile bin (2x the largest curvature found in U.S. income rank-rank data
(Chetty et al., 2016).). Education rank is measured relative to the set of all women aged 50-54. Source: NCHS
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Figure 4
Changes in U.S. Mortality, Age 50-54, 1992-94 to 2016-18:
Naive and Constant Rank Interval Estimates (Women, Ages 50-54)

Panel A: Less than High School

e Unadjusted
- Constant Rank

[ ]
g ®
& 25
=
&)
Py
s, .t LY 0
X
-25
1990 1995 2000 2005 2010 2015
Year
Panel B: High School
50, Unadjusted
- Constant Rank
()
(@)]
& 25
e
(@) °
Py ° .
IS ° ¢ ¢ I
- o
€ 0 e I
S0 O A I O
-25

1990 1995 2000 2005 2010 2015
Year

Figure 4 shows mortality changes for 50-54-year-old women from 1992-94 to 2016-18 (all races
combined), calculated under different methods. The points show unadjusted estimates for women
at constant education levels—dropouts in Panel A and high school graduates in Panel B. Both
of these population groups have shrunk as proportions of the population during the sample period.
The vertical bars show bounds on mortality change in constant rank bins—ranks 0-17 in Panel A
and ranks 17-60 in Panel B. These ranks are chosen because they are close to the share of women in
1992-1994 with less than a high-school degree or exactly a high school degree, allowing the bounds
to be very tight in the starting period.



Figure 5
All-Cause Mortality Change in Constant Education Percentiles:
Age 50-54, 1992-1994 to 20162018
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Note: “White” refers to non-Hispanic white and “Black” to non-Hispanic black. Each interval represents the bounded
set containing the number of deaths per 100,000 people in a given time period, among people in the education
percentiles specified in the legend. The education percentiles correspond to the percentile bins describing four levels of
education for the median age group in 2003: No High School, High School, Some College, and a B.A. or Higher.
Bounds are computed as described in Section 3. The sample consists of people ages 50-54. Sources: ACS, CPS,
NCHS.
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Figure 6
Mortality Change in Constant Education Percentiles (1992-1994 to 20162018, All Ages)

A. Non-Hispanic White Women

Ed Percentiles 0-10 Ed Percentiles 10-45
150 150
125 l 1 ! ] 125
100 1 I 100 | l I
75 75
50 I 1 50 1
25 25 | 1
L 0 -—————————
-25 25 t I s
-50 -50
® 75 75
(o -100 -100
O
5 © 20 30 40 50 60 70 20 30 40 50 60 70
6 8 Age Age
o
cX . .
o S Ed Percentiles 45-70 Ed Percentiles 70-100
S I
[oXa\] 150 150
oy 125 125
— 100 100
75 75
50 50
25 l 25
o-—4+--1t+-++-+t¥+rr-1+r---——-- 0 —————
_25 1 I l -25
50 ] -50]||ll"'°
-75 -75
-100 -100
20 30 40 50 60 70 20 30 40 50 60 70
Age Age
B. Non-Hispanic White Men
150 Ed Percentiles 0-10 150 Ed Percentiles 10-45
125 125
100 100
R ] 75
50 l 50 l l
o 1
25 25 1
o+t o————F———+— L S S
-25 -25 r.
-50 -50
[ce) -75 -75
g T -100 ~100
= © 20 30 40 50 60 70 20 30 40 50 60 70
S 8 Age Age
o
5 ) .
oS 150 Ed Percentiles 45-70 150 Ed Percentiles 70-100
o 125 125
&’ § 100 100
75 75
50 50
25 } 25
0———]— «I ————————————————— [ e s B e R
-25 i I 1] -25 1
-50 1 -50 Il 1 4 v 2 ° =
-75 -75
-100 -100
20 30 40 50 60 70 20 30 40 50 60 70
Age Age

The graph shows changes in mortality by age, sex, race, and constant percentile education bin. The vertical lines show the bounded set
containing the percentage change in the mortality rate from 1992-1994 to 2016—2018 for the given age group. Bounds are computed
as described in Section 3. Sources: ACS, CPS, NCHS.
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C. Non-Hispanic Black Women
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Note: The graph shows changes in mortality by age, sex, race, and constant percentile education bin. The vertical lines show the
bounded set containing the percentage change in the mortality rate from 1992-1994 to 2016-2018 for the given age group. Bounds
are computed using the set identification methods described in Section 3. Sources: ACS, CPS, NCHS.
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Figure 7

Decomposition of Mortality Change from 1992-94 to 2016-18:
Contribution of Deaths of Despair
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C. Non-Hispanic Black Women
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D. Non-Hispanic Black Men

70

70

150
125
100
75
50
25

-25
-50
-75
-100

150
125
100
75
50
25

-25
-50
-75
-100

20

20

125
— 100
© 75
-
| 50
© 25 N g 3 % 1
ns o H e o
A s
% N -25
3L -50
O -75
IS O? -100
° g 20 30 40 50 60
= Age
=
o™
D0 .
S9 150 Ed Percentiles 45-70
cx 125
G O 100
c 75
c
o3 50
% ) 25
> [ T N D A —
Qo 25 'l
]
§ -5 l l l | 1 2 e
= =75
5 -100
20 30 40 50 60
Age
=== Suicide, Poisoning, and Liver Disease
150 Ed Percentiles 0-10
125
8 100
— 75
| 50
© 25 T
nS 0 ,,,'T,'j,,-,,:,,h,:,,:,,-, ,,,,,
=N -25 S :
ge -50
O -75
I olv -100
° % 20 30 40 50 60
£9 Age
=
P
D0 .
S9 150 Ed Percentiles 45-70
cx 125
G O 100
o 75
c
o3 50
% ) 25
= g S P S — -~ — o ——
ad R
% _50 I I 1 1 ! I . .
= =75
=
5 -100
20 30 40 50 60
Age

Note: “White” refers to non-Hispanic white. The graph decomposes the change in total mortality from 1992-1994 to 20162018 into
two parts: the change in total deaths driven by deaths of despair, and the change in total deaths driven by all other causes. Estimates
are disaggregated by age, sex, race, and constant percentile education bin. The orange lines show bounds on the contribution to total
mortality change driven by changes in deaths of despair. The value on the Y axis is the amount that total mortality for each group
would have changed if the rates of all deaths other than deaths of despair were unchanged. The gray lines show the contribution to
total mortality change driven by all causes of death other than deaths of despair. Deaths of despair are deaths from suicide, poisoning,
and chronic liver disease. Bounds are computed using the set identification methods described in Section 3. Sources: ACS, CPS,

NCHS.
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Table 1
Bounds on Mortality Thoughout the Education Rank Distribution
50-54-Year-Old Women, All Races

A. 1992-1994

Statistic Monotonicity Only Curvature Only Monotonicity and

(C=00) (C=3) Curvature C'=3
Y (x=10): First Quintile Median [455.9, 682.1] [343.3, 793.8] [456.1, 614.7]
Y (2=25): Bottom Half Median [427.7, 587.2) 0.0, 1163.1] [436.9, 586.7]
Y (z=8): Median < High School (1992 94)  [455.9, 738.0] 453.1,726.2]  [485.9, 638.8]
Y (z=4): Median < High School (2016-18)  [455.9, 1013.2) 263.6,972.2]  [573.1, 730.5)
p2%: First Quintile Mean [570.2, 587.2] [539.0, 607.1] [567.6, 586.2]
1e’: Bottom Half Mean [501.6, 530.7] [431.3, 582.1] [504.3, 529.5]
4116: Mean < High School (1992-94) [587.2, 598.7] (585.3, 595.2] [588.1, 595.1]
48 Mean < High School (2016-18) 587.2, 7415 [259.7, 1041.2]  [587.5, 725.6]

B. 20162018

Statistic Monotonicity Only Curvature Only Monotonicity and

(C=00) (C=3) Curvature C'=3
Y (z=10): First Quintile Median [516.0, 799.9] [284.9, 1074.7] [534.3, 799.8]
Y (x=25): Bottom Half Median [318.5, 685.4] 2082, 775.5]  [349.0, 600.5]
Y (r=8): Median < High School (1992 94)  [535.3, 799.9]  [417.0,1009.8]  [535.4, 799.8]
Y (x=4): Median < High School (2016-18) [535.3, 1046.3] [737.3, 831.1] [733.8, 816.3]
4i20: First Quintile Mean 1640.1, 799.9] [476.9, 903.0] [641.2, 783.0]
1’: Bottom Half Mean [520.8, 570.1] [455.5, 553.0] [521.3, 551.2]
4116 Mean < High School (1992-94) 1666.2, 799.9] 5517, 952.2]  [667.7, T93.0]
1&: Mean < High School (2016-18) [797.2, 799.9] 799.9, 799.9]  [799.9, 799.9]

Note: “White” refers to non-Hispanic white and “black” refers to non-Hispanic black. The table shows bounds on
mortality in 1992-94 (Panel A) and 2016-18 (Panel B) at various ranks or rank ranges in the education distribution.
The notation Y (x=1)=F(Y |z =1) describes mortality at education percentile i, and u’ describes average mortality
between education percentiles @ and b. C' is the maximum percentage change in mortality function curvature allowed
in any one percentile that does not correspond to an education bin boundary. Sources: ACS, CPS, and NCHS
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Table 2
Age-Adjusted Changes in All-Cause Mortality
by Education Percentile, 1992-94 to 2016-18

0-10th 10th-45th  45th-70th  70th-100th
White Women  (+77%, +111%)  (-0%, +21%)  (-39%, -4%)  (-48%, -39%)
White Men (+50%, +68%)  (-6%, +5%)  (-40%, -18%)  (-52%, -45%)
(- )

(- )

Black Women  (+11%, +17%)  (-28%, -21%)  (-47%, -33%)  (-55%, -51%
Black Men (-0%, +3%) (-33%, -29%)  (-54%, -44%) (-67%, -64%

Note: “White” refers to non-Hispanic white and “black” refers to non-Hispanic black. The table shows the
percent change in all-cause mortality, defined as total deaths in a year divided by population. To hold the population
distribution constant, we weight the age-specific mortality rates from the data with the standardized U.S. population
distribution for ages 25-69. We use age-specific mortality rates from each period, but a single set of weights for all
periods.
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A Appendix: Additional Tables and Figures

Table A1l
Distribution of Deaths by Cause, Ages 25-69 (2018)
Cause of Death Share of Total Deaths
Cancer 28.28
Heart and other diseases of the circulatory system 21.75
Poisoning, suicide, chronic liver disease (”deaths of despair”) 11.82
Diseases of the respiratory system 8.00
Accidents and injuries (primarily falls, motor vehicles, assaults) 5.79
Endocrine, nutritional and metabolic diseases 5.36
Diseases of the nervous system 3.69
Cerebrovascular diseases 3.33
Infectious and parasitic diseases 2.72
Diseases of the digestive system 2.48
Diseases of the genitourinary system 1.95
Mental and behavioural disorders 1.92
Deaths not elsewhere classified 0.95
Diseases of the blood and immune disorders 0.88
Diseases of the musculoskeletal system and connective tissue 0.53
Congenital malformations, deformations and chromosomal abnormalities 0.27
Diseases of the skin and subcutaneous tissue 0.19
Pregnancy, childbirth and the puerperium 0.07
Diseases of the eye, ear, mastoid and adnexa 0.01
Certain conditions originating in the perinatal period 0.00

Note: The table shows the distribution of causes of death for individuals aged 2569 in 2018. Categories are defined
by major headings in the ICD-10 Cause-Of-Death lists. The categories of cancer, heart disease and deaths of despair
are pooled across subcategories following the previous literature. See Appendix B for additional details.
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Table A2
Age-Adjusted Changes in Mortality by Education Percentile and Cause
Ages 25-69, 1992-1994 to 20162018

Cancer

Heart Disease

Despair

Other

Total

White non-Hispanic Women

Education Percentile 0-10  (+62%, +79%) (+25%, +35%) (+3%, +38%) (4+526%, +585%) (+111%, +167%) (+77%, +111%)
1045 (+15%, +36%)  (-26%, -18%)  (-38%, -16%)  (+274%, +354%)  (+18%, +52%) (-0%, +21%)
45-710  (-29%, +21%)  (-48%, -37%)  (-59%, -28%)  (+64%, +225%) (-26%, +26%) (-39%, -4%)
70-100  (-50%, -34%) (-49%, -47%)  (-61%, -55%) (-14%, +42%) (-38%, -28%) (-48%, -39%)

White non-Hispanic Men

Education Percentile 0-10 (+32%, +47%)  (+17%, +27%) (+1%, +13%) (+241%, +267%)  (+70%, +102%)  (+50%, +68%)
1045 (+2%, +16%)  (-30%, -24%)  (-38%, -31%)  (+156%, +186%)  (+3%, +16%) (-6%, +5%)
45-70  (-22%, +15%)  (-52%, -42%) = (-58%, -45%)  (+78%, +148%) (-36%, -14%) (-40%, -18%)
70-100  (-44%, -35%) (-55%, -52%)  (-63%, -59%)  (+17%, +39%) (-54%, -48%) (-52%, -45%)

Black non-Hispanic Women

Education Percentile 0-10  (+11%, +19%)  (-9%, -6%) (-16%, -11%)  (+152%, +168%)  (+23%, +32%)  (+11%, +17%)
10-45 (-33%, -24%) (-31%, -28%)  (-42%, -37%)  (+44%, +65%) (-21%, -12%) (-28%, -21%)
45-70 (-49%, -25%) (-45%, -40%)  (-60%, -49%) (-8%, +48%) (-38%, -20%) (-47%, -33%)
70-100  (-60%, -51%) (-49%, -48%)  (-67%, -64%) (-41%, -22%) (-51%, -45%) (-55%, -51%)

Black non-Hispanic Men

Education Percentile 0-10 (+28%, +39%)  (-22%, -19%)  (-12%, -10%)  (+109%, +118%) (-8%, -4%) (-0%, +3%)
10-45 (-18%, -8%) (-46%, -44%)  (-37%, -33%)  (+30%, +40%) (-36%, -32%) (-33%, -29%)
45-70 (-48%, -21%) (-63%, -57%)  (-56%, -49%) (-8%, +22%) (-54%, -45%) (-54%, -44%)
70-100  (-69%, -63%) (-68%, -66%)  (-66%, -63%) (-45%, -34%) (-69%, -66%) (-67%, -64%)

Note: The table shows age-adjusted percentage change in mortality from 1992-1994 to 20162018 for individuals aged 25 to 69, by race, gender and education
percentile bin. Each table entry shows the upper and lower bound on the percentage change in mortality over the sample period for the given cause and population
subgroup. Ages are adjusted with a standardized U.S. population distribution, which holds constant that age distribution of the population across all years.
Education percentile bins approximately describe the 2003 distribution of education across four categories: high schools dropouts (percentiles 0-10), high school
graduates (10-45), some college (45-70) and B.A. or higher (70-100).



Figure Al
Bounds on Constant Percentile Mortality Change and Naive Point Estimates
Age-Adjusted Populations, 1992-1994 to 20162018
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Note: “White” refers to non-Hispanic white and “Black” to non-Hispanic black. The line segments in the graph show
bounds on age-adjusted mortality change from 1992-1994 to 20162018 for a standardized population, as in Table 2.
The four education groups represent education percentiles (i) 0-10; (ii) 10-45; (iii) 45-70; and (iv) 70-100. The points
in the graph show naive estimates of mortality rates at fixed education levels; the four education levels for the points
represent (i) high school dropouts; (ii) high school completers; (iii) some college; and (iv) a B.A. or higher.
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Figure A2

Bounds on Constant Percentile Mortality Change and Naive Point Estimates:
50-54-year-olds, 1992-1994 to 20162018
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Black Women
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Note: “White” refers to non-Hispanic white and “Black” to non-Hispanic black. The line segments in the graph show bounds on age-adjusted mortality change
from 1992-1994 to 2016-2018 for 50-year-olds, separately by race and gender. The four education groups represent education percentiles (i) 0-10; (ii) 10-45; (iii)
45-70; and (iv) 70-100. The points in the graph show naive estimates of mortality rates at fixed education levels; the four education levels for the points represent
(i) high school dropouts; (ii) high school completers; (iii) some college; and (iv) a B.A. or higher.



B Appendix: Data Construction

This section provides additional details on data construction. The All Cause Mortality file provided
by the National Center for Health Statistics reports the number of deaths, by age, race, gender,
education and state.

Mortality data. Beginning in 2003, a substantial share of states only report educations in coarse
bins. The bins are:

e 8th grade or less

e 9th - 12th grade, no diploma

e High school graduate or GED

e Some college, but no degree

e Associate degree

e Bachelor’s degree

e Master’s degree

e Doctorate or professional degree
e Unknown

To reduce noise, we slightly coarsen the bins. We put the small share of people people with an 8th
grade or less into the HS Dropouts group. We aggregate HS dropouts and middle-school dropouts
due to concerns about statistical precision.

We aggregate some college and Associate degrees into the Some College group; it is not clear which
group would have higher rank or socioeconomic status on average. To reduce noise, we aggregate
Bachelor’s, Master’s, and Doctorate/professional degrees. These aggregation choices are unlikely
to affect our estimates of mortality at the bottom of the distribution.

We exclude deaths of foreign residents.

Missing education. Georgia, Oklahoma, Rhode Island, and South Carolina do not consistently
report education data linked to the death certificates. Because their entry and exit from the data
could bias mortality trends, we drop mortality records and population totals for these states. The
mortality rates we report are thus mortality rates for the remaining states.

The remaining mortality records occasionally report missing education. In each age-gender-race-
year category, we obtain the proportion of death records with non-missing educations belonging

to each education group. We assign an education group to mortality records where education is
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missing, assuming that the missing distribution is the same as the non-missing distribution. For
example, if 25% of mortality records with non-missing education in a given cell have a high school
degree only, we assign 25% of the mortality records with missing education to have a high school
degree. This practice is standard; see Case and Deaton (2015; 2017).

Missing data cannot account for the large mortality changes described in the body of the paper.
After dropping the four states, 2.90% of white and 4.34% of black mortality records are missing
education (across all years). Roughly 20% of missing deaths among whites (and 25% among blacks)
are assigned to high school dropouts; even in the extreme case where all of these assignments were
incorrect, it would erroneously assign only about 0.6% of white and 1% of black deaths to the
bottom education bin, thus creating very little bias.3*

CPS. Following Case and Deaton (2017), we use the March CPS extracts prepared by the Center
for Economic and Policy Research.

Harmonizing educations. A standard issue when harmonizing educational attainment data
across several datasets is the treatment of people who drop out of high school in 12th grade. Jaeger
(1997) recommends treating 12th grade dropouts as people who complete high school, since in earlier
datasets, people who complete part of 12th grade were typically treated as people who completed
high-school. Therefore, following Jaeger (1997)’s advice, in the CPS and ACS data which have fine
information about educational attainment, we code people who drop out of high school in 12th
grade as completing high school.?

Early mortality data reports years of school completed. Beginning in 2003, a share of states began
reporting education in categories, where one of the categories is 9th—12th grade, no diploma. By
2018, all deaths are coded using the 2003 categories. It is not possible to disaggregate the data
further. Before 2003, the data only include years of high school (e.g., 1 year of high school or 4
years of high school). For the data coded using the pre-2003 categories, we consider dropouts to
be people who attained less than 4 years of high school.

We acknowledge a concern that beginning in 2003, we include people who attained some 12th

grade education as dropouts. We emphasize that, due to the death certificate aggregation, there

34By 2000 and after, the share of missing data falls by about a third. Thus, the trends over the past 18 years
are even less subject to this concern.

35This is automatically implemented in CEPR’s public-use CPS data. When we augment the CPS data with
the ACS data, we recode CEPR’s ACS education variable so it is consistent with the CPS data.
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is no other way to harmonize the mortality data over time. However, this data limiation is unlikely

to play a large role in our results. For example, in the 2018 ACS, there are approximately 5 million

people who have 12th grade, no diploma. By contrast, there are 86 million people who do not attain

a high-school degree (and have no 12th grade education at all) and 70 million people who attain

a high-school diploma. As a result, the share of people who receive some 12th grade education but

no degree represents 7% or less of either group.

Moving averages. Because we use small population cells (e.g., white high-school dropouts ages
30-34), to address noise, we use the moving 5-year average for the total population denominator
when 5 years of data are available. In 1993 and 2017, we use the moving 3-year average (1992-1994
and 2016-2018, respectively). In 1992 and 2018, we use the predicted values from a regression of
population totals on the adjacent years (1992-1994 and 2016-2018, respectively).

e We do not use the 1990 or 1991 CPS data because the education question changed in 1992, so
the estimates of the dropouts population is discontinuous in 1991.

e We do not use the 2019 or 2020 CPS because these extracts are not yet harmonized by CEPR.

We pool annual data into 3-year bins to focus on long-term trends and minimize spurious year-on-year

variation in results; e.g. for 1992-94, we use average CPS population in each group and the average

number of deaths in each group.

Institutionalized populations. The CPS does not survey institutionalized populations, e.g.
people living in prisons or hospitals, but deaths in institutions are counted in the mortality records.
To obtain accurate mortality rates, we generate institutionalized populations in each year as follows:
1. We obtain counts of the institutionalized population by age, education, gender, race, and year

in the U.S. Census (1990 and 2000) and American Communities Survey (2006-2018).

2. For years between Censuses (1991-1999) or between the Census and American Communities Survey
(2001-2005), we impute the number of institutionalized people in each age-education-gender-race-
year by generating a linear prediction of the population between nearest surveys. We use the 2006
ACS because it has more accurate counts of the institutionalized populations. For example, if there
were 1,000 institutionalized white women aged 50-54 with a high school degree in the 1990 Census
and 1,200 in the 2000 Census, we would impute 1,100 in 1995 (where there is no Census available).

3. We add institutionalized populations to our count of the non-institutionalized populations from

the CPS. We compute mortality rates as the number of deaths divided by the total population.

o4



In the ages in our sample, this procedure gives that the share of the white (black) male institution-
alized population was 1.3% (6.2%) in 2018. The share of the white (black) female institutionalized
population was 0.5% (0.7%). In order for errors from this imputation process to substantially bias
mortality estimates, the institutionalized population would need to fluctuate non-linearly in the
imputed years. Incarceration rates do rise substantially in the 1990s, but the change is close to linear
over time, suggesting that the imputation is a good approximation.

The 2018 CPS does not include people living in college dormitories. We do not adjust for this
because we only consider the population older than age 25.

Cause of deaths. We partition all deaths into five groups: cancer, heart disease, deaths of
despair, injuries, and other diseases. We construct these groups by using codes from the International
Statistical Classification of Diseases and Related Health Problems. NCHS reports ICD-9 codes for
1992-1998 and ICD-10 codes for 1999-2018. We list below the codes pertaining to each cause of
death. For consistency, we follow the data appendix and public code from Case and Deaton (2017)
to define deaths from cancer, heart disease, and deaths of despair.

e Cancer. ICD-9: 140-208; ICD-10: C (all).
e Heart Disease. ICD-9: 390-429; ICD-10: 10-19, I11, 113, 120-151.
e Deaths of Despair. ICD-9: 571, 850-860, 950-959, 980; ICD-10: K70, K73, K74, X40-45, Y10-15,

Y45, Y47, Y49, Y87.0.

e Injuries. ICD-9: 800-999 & not a death of despair; ICD-10: V, W, X, Y & not a death of despair.
e Other Diseases. All deaths not otherwise classified.

Table A1 reports the share of deaths among 25-69-year-olds in 2018, ordered by importance. We

report the categories used in the paper, and then disaggregate remaining deaths according to major

ICD-10 categories.
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C Appendix: Methods
C.1 Analytical Proof of NRA Bounds
C.1.1 Proof of Proposition 1

Formalizing the set-up from the text, let y~ F', where I has support [y,y]. Put ro=y and rg 4, =7.
In our benchmark case where y denotes survival rates, F' has support [0,1]. For simplicity we impose
F has finite support in all proofs below. The arguments are identical if F' has infinite support except
in the top or bottom bin, where the bounds must be adjusted slightly.3

Part 1: Find x;. First define V), as the set of weakly increasing CEFs which meet the bin mean.

Put otherwise, let V), be the set of weakly increasing v: [z, zx11] — R satisfying

1 Tht1
TE= —/ v(x)de.
Tk Sz,

Tpy1—

Now choose z €V, such that
Thk—1, Tp<ST<]
2(z)=
Thtt, JST<Tpya.
Note that z and j both exist and are unique (it suffices to show that just j exists and is unique,

as then z must be also). We can solve for j by noting that z lies in Vj, so it must meet the bin

mean. Hence, by evaluating the integrals, j must satisfy:

/$k+1
$k+1
Th+1
</ The ld:v—i— Tk+1d113)
xk-i-l— k

((J xk)rk 1+ ($k+1 —])Tk+1)-
$k+1—$k

Note that these expressions invoke assumption U, as the integration of z(x) does not require any
adjustment for the density on the x axis. For a more general proof with an arbitrary distribution

of x, see the following section.

36We focus on finite-support F' to lighten notation. In practice for the analyst, almost every distribution can
be restricted with only slight loss of generality to have finite support. For instance, if one studies the CEF of wages
given education, 7 can be set to an implausibly high value.
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With some algebraic manipulations, we obtain that j=xj.
Part 2: Prove the bounds. In the next step, we show that zj is the smallest point at which no
v€ V) can be ry_;, which means that there must be some larger lower bound on E(y|z) for x> x}.

In other words, we prove that
x :sup{x| there exists v €V, such that v(x) :Tk_l.}.

We must show that zj, is an upper bound and that it is the least upper bound.

First, x} is an upper bound. Suppose that there exists j' > x} such that for some w € Vj,
w(j") = rp—1. Observe that by monotonicity and the bounds from Manski and Tamer (2002),
w(x) =71k for £ <j'; in other words, if w(j’) is the mean of the mean of the prior bin, it can be

no lower or higher than the mean of the prior bin up to point j/. But since j'> j, this means that

5 i
/ w(z)de < / z(x)dz,
T T

since z(x) >w(x) for all he (j,5'). But recall that both z and w lie in V}, and must therefore meet

Th+1 Th+1
/ w(x)d:c:/ z(x)dz.
Tp Tk

T+1 Th+1
/ w(z)dz > / z(x)dx.
J J

That is impossible by the bounds from Manski and Tamer (2002), since w(x) cannot exceed ry41,

the bin mean; i.e.,

But then

which is precisely the value of z(x) for x> j.

Second, j is the least upper bound. Fix j' < j. From the definition of z, we have shown that
for some he(5',5), z(h)=rk—1 (and z€ V). So any point j' less than j would not be a lower bound
on the set — there is a point h larger than j' such that z(h)=74_1.

Hence, for all x <}, there exists a function v €V, such that v(x) =r_1; the lower bound on

E(y|x) for x <z} is no greater than r_;. By choosing 2’ with

Th—1, TE<T<J
Z(r)=
Tk‘-i—l; j<x§l‘k‘+1a
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it is also clear that at a7, the lower bound is no larger than 7;_; (and this holds in the proposition
itself, substituting in 7} into the lower bound in the second equation).
Now, fix 2’ € (z},25+1]. Since 7}, is the supremum, there is no function v €V, such that v(z') =r_1.

Thus for 2’ >z}, we seek a sharp lower bound larger than ry_;. Write this lower bound as
Y = min{v(x’) for all veVy, },

where Y7 is the smallest value attained by any function v €V, at the point .

We find this 7" by choosing the function which maximizes every point after 2/, by attaining
the value of the subsequent bin. The function which minimizes v(z") must be a horizontal line up
to this point.

Pick z €V, such that

Za Tk Sx/
/
Tet1, T <Tpp1

By integrating Z(x), we claim that Y satisfies the following:

1

——— (& =) Y + (T =2 ) 1) =7
Tp41— Tk

As a result, Y from this expression exists and is unique, because we can solve the equation. Note
that this integration step also requires that the distribution of & be uniform, and we generalize this
argument in the following section.

By similar reasoning as above, there is no Y’ <Y such that there exists w €V, with w(z’)=Y".
Otherwise there must be some point z > 2’ such that w(z’) >y, in order that w matches the
bin means and lies in Vy; the expression for Y above maximizes every point after 2, leaving no
additional room to further depress Y.

Formally, suppose there exists w €V, such that w(z’) =Y’ <Y. Then w(z) <Z(z') for all z<2/,

since w is monotonic. As a result,

/ /

/x: 2(x)dx>/$: w(z)dz.
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But recall that

Th41 Thk+1
/ w(:v)dx:/ Z(z)dx,

Th41 Thk+1
/ w(zx)dr > / Z(x)dz.

This is impossible, since Z(x) =741 for all 2> 2', and by Manski and Tamer (2002), w(x) <7y for all

SO

w € V. Hence there is no such w €V, and therefore Y is smallest possible value at 2/, i.e. Y =Y"".

By algebraic manipulations, the expression for ¥ =Y™" reduces to

yrmin _ (Tt =T)Th— (a1 —2)Th
min _

x>
T—XTp

The proof for the upper bounds uses the same structure as the proof of the lower bounds.
Finally, the body of this proof gives sharpness of the bounds. For we have introduced a CEF
v €V, that obtains the value of the upper and lower bound for any point z € [xy,zk41]. For any

value y within the bounds, one can generate a CEF v €V such that v(z)=y. O

C.1.2 Analytical Bounds when Uniformity Does Not Hold

Suppose we relax assumption U. We continue to impose for notational simplicity that x is drawn
from a continuous distribution, though similar arguments apply to discrete . We characterize x
by some known probability density function, which we assume is integrable in every bin k. Then

we derive the following bounds.

Proposition 2. Let x be in bin k. For simplicity we work with continuous distributions of x. Let
fr(x) be the probability density function of x in bin k. Under assumptions M, I, MI (Manski and
Tamer, 2002), and without additional information, the following bounds on E(y|x) are sharp:

Tk_Tk—lf;kfk(s)ds

JoF T f(s)ds

Tk*Tk+1f:k+1fk(S)ds .
[z, Ti(s)ds <E(y|r)<rgy, x>

re—1 < E(ylr) < r<x)
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where . satisfies:
Th41

i
rk:rk_l/ fr(s)ds+rgs1 fr(s)ds.
Tp

ok
The proof follows the same argument as in Proposition 1. With an arbitrary distribution, V

now constitutes the functions v:[xy,zg+1] — R which satisfy:

[ vt =n.

Tk

As before, choose z €V} such that

Th—1, TE<T<]
z(r)=

Thtl, J<T<Tpy.

Because the distribution of  is no longer uniform, 7 must now satisfy

= / j”lz(s)ms)ds

Th41

:Tk—l/]fk(s)ds‘l'rk—&-l . Jr(s)ds.
T J

This implies that j =z}, precisely.
The rest of the arguments follow identically, except we now claim that for z >z, Y =Y,™"

satisfies the following:

x ) Tk41
rk:/ igmmfk(s)ds—k/ Tka1fr(s)ds.

k

By algebraic manipulations, we obtain:

yrmin _ T T wrf, fi(s)ds

: fifk(s)ds

and the proof of the lower bounds is complete. As before, the proof for upper bounds follows from

identical logic. O
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C.1.3 Bounds on

Define
b 1 ’

o=y | E(ylx)di.

Let Y™™ and Y™ be the lower and upper bounds respectively on E(y|x) given by Proposition

1. We seek to bound p when x is observed only in discrete intervals.

Proposition 3. Let b€ [zg,xx41] and a € [xp,xp41] with a<b. Let assumptions M, I, MI (Manski
and Tamer, 2002) and U hold. Then, if there is no additional information available, the following

bounds are sharp:

;

Yg)min < ,ul; < Y;Lmax’ h=k
Th(wk—a)-zzﬂ:;m"(b—lfk) <ub< YJ""I(%—bli):Tk(b—xk)’ h+1=k

}/amn‘z (mh+17a)+2§;i+17‘)\(aj)\+l7£E)\)+Tk(b*$k)
b—a )

rh(Th1—@)+ 35 A (@aga —2a) Y (b—ax)

b—a Sﬂzg h+1<k.

\

The order of the proof is as follows. If @ and b lie in the same bin, then £ is maximized only if the
CEF is minimized prior to a. As in the proof of proposition 1, that occurs when the CEF is a horizontal
line at Y™ up to a, and a horizontal line Y"** at and after a. If a and b lie in separate bins, the value
of the integral in bins that are contained between a and b is determined by the observed bin means.
The portions of the integral that are not determined are maximized by a similar logic, since they both
lie within bins. We prove the bounds for maximizing z2, but the proof is symmetric for minimizing 2.

Part 1: Prove the bounds if a and b lie in the same bin. We seek to maximize p® when a,b € [z, vx41].
This requires finding a candidate CEF v €V, which maximizes fabv(x)dx Observe that the function
v(z) defined as

ymn p<z<a
v(z)=
Y v a<ax <4
has the property that ve V. For it a >z, v==2 from the second part of the proof of proposition
1. If a<xj, the CEF in V), which yields Y™ is precisely v (by a similar argument which delivers

the upper bounds in proposition 1).
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This CEF maximizes 12, because there is no w €V, such that

I I
— de>— dx.
b—a /, w(z)de b—a v(m) v
Th+1 _ Th+1 _ :
Note that for any w e Vi, -—— ka w(x)dr = Frw— fmk v(z)dr =1 Hence in order that

f x)dr > f x)dx, there are two options. The first option is that

/m:w(a:)da:</x:21(a:)dx.

That is impossible, since there is no room to depress w given the value of v after a. If a <z, then
it is clear that there is no w giving a larger /LZ, since 1_1 <w(x) for x;_1 <x<a, so w is bounded
below by v. If a>x}, then v(x) =1y for all a<xz<xp,1. That would leave no room to depress

w further; if [ w(x)de < [ v(z)dz, then [[**'w(z)dr> [ v(z)dx, which cannot be the case

if v=7%41, by the bounds given in Manski and Tamer (2002).

/b (@) de < /b ().

This is impossible due to monotonicity. For if f x)dx > f x)dx, then there must be some

The second option is that

point @’ € [a,b) such that w(z") > v(z’). By monotonicity, w(z) >v(x) for all x € [2/,2411] since

v(z)=Y"* in that interval. As a result,

/bka(:n)d:v>/:kv(:v)dx,

since b€ (2/,23,41). (If b=}, then only the first option would allow w to maximize the desired y.)

Therefore, there is no such w, and v indeed maximizes the desired integral. Integrating v from
a to b, we obtain that the upper bound on 4 is ;= fjnmaxdx:l/am”. Note that there may be
many functions which maximize the integral; we only needed to show that v is one of them.

To prove the lower bound, use an analogous argument.

Part 2: Prove the bounds if a and b do not lie in the same bin. We now generalize the set up and
fi’““v(x)daj:rk

for all k< K. In other words, V is the set of functions which match the means of every bin. Now

permit a,b€ [0,100]. Let V be the set of weakly increasing functions such that —

Tr+1—Tk
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observe that for all veV,

1 b
b_
/‘La_b_a ;

-4 ( / " @) dat / zlv@)dﬂ / :v<x>dx> ,

by a simple expansion of the integral.

v(z)dx

But for all veV,

if h+1<k and
Tk,
/ v(z)dr=0
Th+1

if h+1=k. For in bins completely contained inside [a,b], there is no room for any function in V
to vary; they all must meet the bin means.

We proceed to prove the upper bound. We split this into two portions: we wish to maximize
[ v(z)de and we also wish to maximize ffkv(x)dx The values of these objects are not code-
pendent. But observe that the CEFs v &€V, which yield upper bounds on these integrals are the
very same functions which yield upper bounds on jiz"*" and ufck, since pf = ﬁ fs tv(x)dx for any
s and t. Also notice that a and xj, 1 both lie in bin h, while b and xj, both lie in bin £, so we can
make use of the first portion of this proof.

In part 1, we showed that the function v €V, v:[zp,7441] — R, which maximizes "™ is

ymn o, <r<a
v(z)=
ymar a<x<xpi.

Th41 LTh41
max / v(x)dr = / Y dr =Y """ (xp11—a).
S a a

Similarly, observe that z and b lie in the same bin, so the function v: [zg,241] = R, with veV

As a result
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which maximizes f x)dxr must be of the form

v mpp<z<a
v(r)=

Yo b<ax<xpy.

With identical logic,

b b
ng{{/xkv(x)dx}:/wk}@k dx=Y_"""(b—xy).

And by proposition 1, z <z so Y, =ry. (Note that if =z}, substituting x} into the second
expression of proposition 1 still yields that Y =ry.)
Now we put all these portions together. First let h+1=Fk. Then f x)dx=0, so we maximize
13, by
o (Yo" (@n —a) +ri(b—ax)).

Similarly, if A+1<k and there are entire bins completely contained in [a,b], then we maximize p® by

k—1
1
a (Ym‘”’”(xh 1—a)+ Z r,\(:t,\+1—:m)—l—7“k(b—xk)>.
A=h+1

The lower bound is proved analogously. Sharpness is immediate, since we have shown that the
CEF which delivers the endpoints of the bounds lies in V. As a result, there is a function delivering

any intermediate value for the bounds. [

C.2 Numerical Calculation of NRA Bounds with Arbitrary Structural Assumptions

This section describes the numerical optimization approach for calculating bounds on mortality
within arbitrary percentiles of the education distribution. To calculate bounds, we discretize the
mortality-education relationship and solve a numerical optimization problem that obtains the highest
and lowest possible values of expected mortality at any given point, that are consistent with matching
the empirical data points and meeting a set of structural constraints on the functional form of the

CEF. We first formalize the computational procedure and then describe its numerical implementation.
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C.2.1 Conceptual Approach: Functions of the CEF

We write the conditional expectation function in the form Y (x) = s(z,7), where 7 is a finite-
dimensional vector that lies in parameter space GG and serves to parameterize the CEF through
the function s. For example, we could estimate the parameters of a linear approximation to the CEF
by defining s(x,y) =70+71*z. We can approximate an arbitrary nonparametric CEF by defining
v as a vector of discrete values that give the value of the CEF in each of IV partitions; we take this
approach in our numerical optimizations, setting N to 100.3” Any statistic m that is a single-valued
function of the CEF, such as the average value of the CEF in an interval (12), or the slope of the
best fit line to the CEF, can be defined as m(y)=M(s(z,y)).

Let f(x) represent the probability distribution of x. Define I' as the set of parameterizations of
the CEF that obey monotonicity and minimize mean squared error with respect to the observed

interval data:

. K Tk4+1 1 Tk4+1 _ 2
F:arggergln;{ 5 f(m)dx((W/xk s(x,g)f(:r:)d:v) —rk> } (C.1)

k

such that

s(x,g) is weakly increasing in z.  (Monotonicity)

Mfmik+ls(x,g)f(a:)dx is the mean value of s(x,g) in bin k,

and [*! f(x)dz is the mass in bin k. The minimand is thus a bin-weighted MSE.* Recall that for

Decomposing this expression,

the rank distribution, x1 =0 and xx.;=100. We can easily add additional structural constraints on
s(z,y) to Equation C.1 (e.g., the curvature constraint below) or remove the monotonicity constraint.
The bounds on m(v) are therefore:
m™" =inf{m(y) | yel'} ©2)
m™** =sup{m(7) | y€T}.
For example, bounds on the best linear approximation to the CEF can be defined by the following

process. First, consider the set of all CEFs that satisfy monotonicity and minimize mean-squared error

3TFor example, s(z,750) would represent E(y|x € [49,50]).
38While we choose to use a weighted mean squared error penalty, in principle I' could use other penalties.
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with respect to the observed bin means.?® Next, compute the slope of the best linear approximation
to each CEF. The largest and smallest slope constitute m™" and m™*. Note that this definition of
the best linear approximator to the CEF corresponds to the least squares set defined by Ponomareva
and Tamer (2011).

The set of CEFs that describe the upper and lower bounds in Proposition 1 are step functions
with substantial discontinuities. If such functions are implausible descriptions of the data, then the
researcher may wish to impose an additional constraint on the curvature of the CEF, which will
generate tighter bounds. For example, examination of the mortality-income relationship (which
can be estimated at each of 100 income ranks, displayed in Appendix Figure C1) suggests no such
discontinuities. Alternately, in a context where continuity has a strong theoretical underpinning
but monotonicity does not, a curvature constraint can substitute for a monotonicity constraint and
in many cases deliver useful bounds.

We consider a curvature restriction with the following structure:

s(x,y) is twice-differentiable and |s”(x,y)| <C. (Curvature Constraint)

This is analogous to imposing that the first derivative is Lipshitz.“* Depending on the value of C,
this constraint may or may not bind.

The most restrictive curvature constraint, C'=0, is analogous to the assumption that the CEF
is linear. Note that the default practice in many studies of mortality is to estimate the best linear
approximation to the CEF of mortality given education (e.g., Cutler et al. (2011) and Goldring
et al. (2016)). A moderate curvature constraint is therefore a less restrictive assumption than the
approach taken in many studies. In practice, we slightly adjust the curvature constraint condition
by generating a “normalized” curvature constraint which imposes that the absolute value of the
second derivative, divided by the mean mortality across all percentiles, does not exceed a certain

C'. The advantage of this approach is that it more readily permits using a conservative value of

39Tn many cases, and in all of our applications, there will exist many such CEFs that exactly match the observed
data and the minimum mean-squared error will be zero.

40Let XY be metric spaces with metrics dx,dy respectively. The function f:X —Y is Lipschitz continuous
if there exists K >0 such that for all x1,z0 € X,

dy (f(z1),f(z2)) <Kdx(x1,22).
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C across all groups. We discuss the choice of curvature restriction below.
C.2.2 Computational Approach

This section describes a method to numerically solve the constrained optimization problem suggested
by Equations C.1 and C.2.

To make the problem numerically tractable, we solve the discrete problem of identifying the feasible
mean value taken by E(y|z) in each of NV discrete partitions of 2. We thus assume E(y|z)=s(x,y),
where 7 is a vector that defines the mean value of the CEF in each of the N partitions. We
use N =100 in our analysis, corresponding to integer rank bins, but other values may be useful
depending on the application. In other words, we will numerically calculate upper and lower bounds
on E(y|lz€(0,1]), E(y|lzr€(1,2]), ..., E(y|r€[99,100]). Given continuity in the latent function, the
discretized CEF will be a very close approximation of the continuous CEF; in our applications,
increasing the value of N increases computation time but does not change any of our results.

We solve the problem through a two-step process. Define a N-valued vector 4 as a candidate
CEF. First, we calculate the minimum MSE from the constrained optimization problem given by
Equation C.1. Put another way, each set I is associated to a minimmum MSE (the value of the
objective), which we denote MSE. We then run a second pair of constrained optimization problems
that respectively minimize and maximize the value of m(%), with the additional constraint that
the MSE is equal to the value obtained in the first step, denoted MSE. Equation C.3 shows the

second stage setup to calculate the lower bound on m(%):

m™ = min m(9) (C.3)
4€[0,100]N
such that
s(z,y) is weakly increasing in z (Monotonicity )
18" (x,7)|<C (Curvature)
S (2 2
k . _ o
s(xAy) | =7k | | =MSE (MSE Minimization)
2| (i)

X, is the set of discrete values of x between x) and zy1 and || X|| is the width of bin k. 7 is

the observed mortality in education bin k, and MSE is the lowest mean-squared error obtainable
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out of the entire set of education-mortality functions, which is typically zero. The complementary
maximization problem obtains the upper bound on m(¥). Note that this particular setup is specific
to the uniform rank distribution, but setups with other distributions would be similar.

The purpose of the two-step process is that it is difficult to numerically solve for every possible
member of I" under arbitrary constraints. We render the problem tractable by recasting the problem
as a minimization problem of obtaining MSE in the first step. Then, in the second step, we use
MSE as a constraint.

Note that setting m(y) =", (the 2™ element of ) obtains bounds on the value of the CEF at
point x. Calculating this for all ranks = from 1 to 100 generates analogous bounds to those derived
in proposition 1, but satisfying the additional curvature constraint. Similarly m(vy)= ﬁZiza’yz
yields bounds on y®.

The numerical method can easily permit the curvature constraint to vary over the CEF. For
example, one might believe that there are discontinuities in the CEF at bin boundaries, due to
sheepskin effects (Hungerford and Solon, 1987); high-school graduates, upon receiving a diploma,
could experience discretely lower mortality probability due to better labor-market outcomes. In
other settings, researchers might impose that the CEF has a large (but finite) curvature in one
portion of its domain and be more constrained elsewhere.

Calibrating a curvature constraint. This subsection explains how we obtain a benchmark
for the curvature constraint using data from Chetty et al. (2016) on mortality rates for U.S. men
and women above age 40 from years 2001-2014. We collapse the data to three-year periods and
five-year age groups.*1¥? We then use OLS to fit fifth-order polynomials to the mortality-income
percentile data we observe. We show two examples of these best-fit functions for 50-54 year old men
and women in 2012-2014 (the last year data are available), as well as the range for the normalized
second derivative for these groups, in Appendix Figure C1. The C we use is 50% larger than the
maximum absolute value of the union of these ranges across all such groups we observe.

We construct a C' that holds for all mortality-income functions as follows. Using the estimated

polynomial fit, we analytically compute the absolute value of the second derivative of the best-fit

polynomial at every value for every polynomial function. To generate comparable C, we construct

41Since the number of years is not divisible by 3, we group years 2001 and 2002.
42Because people are ranked within the percentile for their own age, gender, and year, this departs slightly from
the ranking procedure we use in the text.
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a normalized C' that accounts for differences in mortality levels by dividing the absolute value of the
second derivative by the mean mortality in that age-year group (across all percentiles). Expressed
in these terms (and multiplied by 100), the normalized C represents the absolute value of the second
derivative as a percent of the mean.

Across all age and years, the largest C' is approximately 2.0%. Because polynomial fits can be inac-
curate near the tails, we also compute the largest second-derivative (normalized by the mean mortality
across all percentiles) within the set of percentiles [5,95]. This value is 1.5%. We choose a conservative
curvature constraint of 3% — about 50% larger than the largest normalized C' observed in the data.

We acknowledge the concern that mortality-income CEFs may exhibit different curvature than
mortality-education CEFs. We argue that the mortality-income CEF at least provides a natural
benchmark for how curved the CEF might be in the education setting; we are not aware of another
continuous conditioning value to calibrate C. Moreover, we are comforted that our results are robust

to relaxing the curvature constraint altogether.
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Figure C1
Fifth-Order Polynomial Approximations to the Empirical Mortality-Income CEF

Panel A: 50-54 Year-Old Women in 20122014

800

600

§‘400
200
0
0 10 20 30 40 R50 X 60 70 80 90 100
2nd derivative in [-0.349%,0.876%]
2nd derivative in range [5, 95] in [-0.210%,0.683%]
Panel B: 50-54 Year-Old Men in 2012-2014
1,500
° 1,000

500

0 10 20 30 40 50 60 70 80 90 100
Rank

2nd derivative in [-0.562%,1.310%)]
2nd derivative in range [5, 95] in [-0.339%,1.008%)]

Figure C1 presents estimates of the conditional expectation function of U.S. mortality given income rank, using data
from Chetty et al. (2016). The CEF is fitted using a fifth-order polynomial. The function plots the best polynomial
fit to the data series, and the circles plot the underlying data. The text under the graph shows the range of the

second derivative, divided by the mean mortality rate in all percentiles, across the function’s support.
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C.3 Comparison with Other Approaches

The selection bias in estimates of mortality change among the less educated is widely recognized and
has been examined in other studies. Meara et al. (2008), Bound et al. (2015), Hendi (2015), and Leive
and Ruhm (2020) (henceforth MBHL) adjust for this bias by randomly reassigning deaths to different
education bins, so that bin sizes are comparable across time. For example, to obtain an estimate of
mortality in the bottom quartile of the education distribution in 1992 when 19% of 50-year-old men
are dropouts and an additional 36% are high school graduates, they would reassign 6/36 = 16.6%
of the high school graduate population and 16.6% of high school graduate deaths to the bottom bin.

This approach is equivalent to assuming that the conditional expectation function of mortality
given latent education rank takes a specific functional form—a step function that is totally flat
in each education category, and has a discrete jump at each education boundary. To be concrete,
under this assumption, an individual who just barely managed to complete high school (and thus
has the lowest latent education rank among high school graduates) has exactly the same implied
socioeconomic status and expected mortality risk as a high school graduate who was right at the
margin of completing a two year college degree (and thus has the highest latent education rank
among high school graduates). Standard human capital theory suggests that the true functional
form is not flat in each category—the high school educated individuals who were at the margin
of completing some higher education would have had higher socioeconomic status than those who
barely made it to high school, and thus lower mortality risk.

This implicit functional form is nevertheless considered a valid functional form in our bounding
exercise, which allows arbitrary steps and slope changes at education boundaries. But this functional
form underestimates mortality among the least educated in all periods, because it constructs
bins by combining dropouts with average high school graduates — even though the high school
graduates with the lowest latent ranks are likely to have higher mortality than average high school
graduates. The downward bias on mortality among the least educated will be the highest when
the education-mortality gradient is steep. Because this gradient has steepened over time (Goldring
et al., 2016), the downward bias on mortality is higher in 2018 than in 1992, which means that
mortality change among the least educated is biased downward when we use this functional form.

Note finally that these other approaches are likely to be increasingly biased when the bin boundary
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shifts more over time, or when the desired outcome percentiles are very different from the bin bound-
aries in the raw data, but the estimates from the MBHL function will not reflect this source of error.
One reason that few of these authors focus on the very bottom of the education distribution (or the per-
centiles approximating high school dropouts) is that the large population change in dropouts (among
women, from 19% of the population in 1992 to 8% in 2018) leads to a substantial potential for bias.
With our approach, in contrast, the bounds reflect the uncertainty in the estimates and become wider in
cases like these where bin boundaries have shifted substantially. Our bounds thus accurately convey the
uncertainty due to misalignment between desired outcome percentiles and bin boundaries in the data.

The MBHL function generates a mortality estimate among the least educated that is close to
our lower bound mortality estimate. Our results are therefore entirely consistent with Meara et
al. (2008), who find that death rates among those with a high school education or less are diverging
from those with any college education. We find similar effects for the period up to 2000 studied by
Meara et al. (2008), and show that (i) mortality by education continues to diverge from 2000-2018;
and (ii) the bottom 10% of whites do particularly badly in both periods.

In contrast, Bound et al. (2015) argue that the composition adjustment effectively erases large
mortality increases among non-Hispanic whites in the bottom 25%, though they continue to find
average decreases in life expectancy at age 25 among non-Hispanic whites in this education group.
These differences can be reconciled with our finding of substantially rising mortality rates among the
least educated non-Hispanic whites. First, as noted in this section, the Bound et al. estimates are
at the lower bound of mortality change because of the implicit functional form assumption. Second,
we find that mortality increases are most severe among the bottom 10%; extending the interval to
the bottom 25% substantially attenuates the estimated mortality change, and makes the functional
form bias larger. Third, we focus on middle-age mortality change, because of known problems of
age inaccuracy among older ages (Olshansky et al., 2012); trends among individuals aged 70 and
older may substantially influence life expectancy and be different from those studied here.

Hendi (2015, 2017) use data from NHIS to argue that mortality is rising for white women without
high school education but not white men. We find worse outcomes for both women and men because:
(i) the random reassignment approach of Hendi (2015, 2017) biases downward estimates of mortality
change; (ii) as noted in detail by Sasson (2017), the NHIS consistently samples a healthier population

than that reflected in population vital statistics, and the mortality followup sample sizes are too
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small to precisely estimate mortality changes for less educated groups. We perform a similar analysis
in Appendix D.6, showing that while NHIS generates point estimates of lower mortality changes
for less educated women (but not men), the estimates are extremely noisy and our estimates are well
within the 95% confidence intervals of the NHIS measures. In some age/education groups, NHIS
mortality changes are estimated from just a handful of deaths.

Hendi (2015, 2017) also raise the possibility that over-reporting of education in death statistics may
have changed over time, as noted by Sorlie and Johnson (1996), leading to underestimates of death
rates among older cohorts of dropouts. While we cannot rule out this form of bias, we present a range
of evidence in Appendix D (summarized in Section 4.5) suggesting that misreporting of education

in death records cannot explain larges increases in mortality among white men and women.
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D Appendix: Robustness
D.1 Loosening the Monotonicity Assumption

The results in the body of the paper use an assumption that mortality is weakly monotonically
decreasing in the latent education rank. In this section, we explore the sensitivity of the results
to loosening this assumption. Using the numerical optimization described in Section C.2, we alter
the monotonicity assumption such that the discrete CEF is permitted to be non-monotonic across
at most m rank bins out of 100.

Table D1 shows how the bounds on white male and female mortality change in percentiles 0-10
under values of m ranging from 0 to 100. The case of m =0 corresponds to the monotonicity
assumption used in the body of the paper and reproduces the results from the main analysis
(Figures 6A and 6B in the body of the paper).

Note first that for the 2016-18 results, loosening monotonicity has very little effect. In this period,
exactly 10% of men are high school dropouts, meaning x.° is known. Among women, 8.0% are
dropouts, which gives us p; this leaves little room for mortality to depend on functional form
assumptions in the bottom 10%.

In 1992-94, dropouts represent the bottom 17.1% and 17.4% for men and women respectively,
leaving more uncertainty over the value of mortality in the bottom 10%. Loosening the monotonicity
restrictions in 1992 naturally widens the bounds. Figure D1 shows the pair of optimized CEFs that
produce the upper and lower bounds for the case of 50-54-year-old white women.

The primary results of rising mortality among both groups are upheld in all cases. The bounds
expand moderately up to m = 20, rising from [+105%,4152%)| for white women at m =0 to
[+67%,4-204%] at m=20. As conveyed by the figure, loosening monotonicity entirely results in very
implausible functional forms for the CEF. Even the CEFs at m =20 are difficult to reconcile with an
a priori theory of mortality change, and exhibit higher degrees of non-monotonicity than suggested
by the data for any of the subgroups. We therefore view this exercise largely as a demonstration
of our method’s capability to be adapted to any set of structural assumptions.

Note that if monotonicity and curvature are both totally unrestricted, then much wider bounds
are possible, though again we would not consider these to be realistic. For instance, mortality among

white men in 1992-94 is known to be 1197 per 100,000 in the bottom 17%. The mathematical

74



upper bound on mortality in the bottom 10%, with no structural restrictions, would be given by
a mortality rate of 2035/100,000 for percentiles 0-10, and 0/100,000 for percentiles 10-17. While
mathematically possible, this function is not a realistic possibility. In our setup, it violates both
the monotonicity constraint (since mortality would need to rise with high school completion) and the

curvature constraint (since implied mortality falls sharply and discontinuously between 10 and 11).

Table D1
Mortality Change in the Least Educated 10%
Estimates with Variable Non-Monotonicity

Group Non-monotonicity =~ Mortality Mortality Percent
Tolerance 1992-94 201618 Change
White Women, Age 50 0 [613,722]  [1481,1542] [105.2%,151.6%]
5 (612,742  [1477,1546]  [99.2%,152.6%)
10 [577,753]  [1477,1553]  [96.1%,169.0%]
15 [524,821]  [1477,1552]  [79.9%,196.1%]
20 [513,885]  [1475,1556]  [66.6%,203.5%]
100 (384,945  [1475,1562]  [56.0%,306.6%)
White Men, Age 50 0 [1200,1394]  [1946,1946]  [39.6%,62.2%)
5 [1200,1427]  [1946,1946]  [36.4%,62.2%)
10 [1182,1528] [1946,1946]  [27.4%,64.7%)
15 [1161,1590] [1946,1946]  [22.5%,67.7%]
20 [1101,1635] [1946,1946]  [19.0%,76.9%)
100 [874,1713]  [1946,1946]  [13.6%,122.7%)

The table shows bounds on mortality and mortality change of white men and women aged 50-54 in the least educated
10% of the own-gender education distribution. Bounds are calculated under different tolerances for non-monotonic
CEFs. The tolerance column indicates the number of rank cells out of 100 where mortality is permitted to be

increasing with higher education.
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A. Non-Monotonicity Tolerance = 0

Figure D1

Bounds on Mortality in the Bottom 10%:

Mortality CEFs under Variable Non-Monotonicity Constraints

B. Non-Monotonicity Tolerance = 5
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The figure shows the conditional expectation functions that generate the highest and lowest values of mortality among
the least educated 10%, for 50-54-year-old white women, under different monotonicity assumptions. The tolerance

value is the number of rank cells out of 100 where mortality is permitted to be increasing with higher education.

D.2 Robustness to Alternate Specifications and Assumptions

This section reports changes in mortality from 1992-1994 to 2016-2018 calculated under different
assumptions and parameters. We focus on the sensitivity of estimates in Figure 6 for non-Hispanic
white women; results for other groups are similarly robust to the specifications here.

Percentile Bins Defined in 1992. The main figure was calculated using education percentile
bins from approximately the middle of the sample in 2003. In that year dropouts accounted for per-

centiles 0-10, high school graduates for percentiles 10-45, individuals with some college for percentiles
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45-70, and individuals with a B.A. or higher accounted for the top 30%. In 1992, these four education
levels respectively represented percentiles 0-17, 17-60, 60-81 and 81-100. Panel A of Figure D2
shows estimates of mortality change from 1992-94 to 20162018 using the latter bin boundaries. The
broad patterns of mortality change are the same. Mortality changes are slightly smaller in the bottom
group, but this is what we would expect given that the bottom group is now defined as the bottom

17% rather than the bottom 10%. The overall divergence of mortality by education is unambiguous.

Ranking within Race and Gender. The body of the paper ranks individuals against members
of their own gender. It thus reports, for example, changes in mortality for white women in the
bottom 10% of the female education distribution. An alternate approach is to define percentiles
within race and gender, and thus to examine mortality changes for white women in the bottom
10% of the white women’s education distribution. This approach would be sensible if one’s relative
position in the own-race socioeconomic distribution was an important factor for mortality. Panel
B of Figure D2 presents the main estimates, where education percentiles are defined within race and
gender. The pattern of dramatically rising mortality for whites in the bottom 10% remains evident.
The total increases in mortality are slightly less under this definition, because white education has

increased more than black education over this period, but the change in selection bias is small.

Alternate Bounding Assumptions. The main analysis calculated bounds under the assump-
tions that (i) expected mortality is weakly monotonically declining in latent educational rank for
all groups; and (ii) there is an upper bound on the size of kinks or discrete jumps in the expected
mortality function. While these assumptions are sensible and consistent with other research and data
on the expectation of mortality as a function of education, we can readily relax these assumptions.
Although our main estimates are necessarily less precise under more general assumptions, none any
of the substantive conclusions change.

Appendix D.1 above presents bounds on mortality change as we gradually loosen the monotonicity
assumption, and allow mortality to rise with education.

Panel C of Figure D2 presents results when we allow the mortality function to have discrete jumps
or kinks of any size when crossing educational boundaries, for example, when crossing the threshold of

high school completion. Thus Panel C addresses concerns about sheepskin effects by permitting (but
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not imposing) mortality to fall discontinuously at the margin of completing a given education level.

Panel D removes the curvature restriction entirely; in this specification, the CEF can have discrete
kinks or jumps at any point in the education rank distribution, though it must remain monotonic.
In both cases, the key result of substantial mortality gain among the least educated is robust. The
other findings of the paper—education divergence among black men and women, and the patterns

of deaths of despair—are similarly robust to these specifications.
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D.3 Changing Racial Composition

This section examines the hypothesis that relative socioeconomic status within education bins has
changed for blacks relative to whites during the study period. This kind of change could bias our
estimates of mortality change, because we assume that the latent education ranks of blacks and whites
within the bottom 10% (and within other percentile groups) have not changed during the study
period. For example, if whites within the bottom 10% were clustered at the top of this percentile
bin in 1992-94 and at the bottom of this bin in 2016-18, then we would expect their measured
mortality to rise even if the underlying mortality-education-rank CEF is unchanged. To be concrete,
suppose the mean white woman, conditional on being in the bottom 10% of all women, moved from
the Tth percentile to the 3rd percentile. Then comparing average mortality among white women in
the bottom 10% could still be subject to selection bias, even in our constant composition estimates,
because the average white woman in the bottom 10% would be more negatively selected over time.

Note that Panel B of Figure D2 already rules this out as a primary explanation for rising white
mortality, by showing that mortality is rising for the bottom 10% of whites, not just for whites in
the bottom 10% of the national education distribution. Nevertheless, in this section we explore the
possibility that the relative status of whites in the bottom 10% of the entire educational distribution
has shifted relative to blacks.

Because education data is interval censored (i.e. we only know that someone is a high school
dropout, but we do not observe how close they were to completing high school), we cannot measure
the education percentile more precisely. However, we can examine whether the socioeconomic status
of white dropouts has changed relative to black dropouts on other measures. We focus on income
as measured in the Current Population Survey.

First, we use the granular information on incomes in the CPS to rank all people by income within
each gender, age and education bin in each year. We then compute the mean income rank for whites
and blacks within each of the four education groups used in the body of the paper. Figure D3 plots
the results of this exercise for women and men aged 50-54. The figures show that mean income
ranks for blacks and whites, conditional on education level, have remained stable over time. Among
women, black and white dropouts have approximately equal income rank throughout the sample

period. Among high school graduates, the relative status of whites is increasing relative to that of
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blacks, which would bias us against finding increases in mortality. Among men, whites have higher
average income ranks within every education bin, but their relative advantage is stable over time.
Changing relative latent education rank within observed education bins therefore cannot explain

any of the rise in mortality of white dropouts.
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Figure D3
Average Income Ranks for 50-54 year old whites and blacks
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Note: The figure shows the average income rank within age, gender and education bins for non-Hispanic white and non-Hispanic

black men and women at different education levels. Source: CPS.
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D.4 Measurement Error in Race/Ethnicity

A concern that has arisen with the estimation of mortality change in the United States among white
and black groups is that reporting patterns for Hispanic identity may have changed over recent
decades. The Hispanic population of the U.S. has higher in- and out-migration, making mortality
estimates for this group more difficult to measure (Markides and Eschbach, 2005). Hispanics also
have considerably lower mortality rates than other groups (Palloni and Arias, 2004; Markides and
Eschbach, 2005). If patterns of Hispanic reporting change over time, and especially if they change
differentially across the Current Population Survey and the Vital Statistics databases, then estimates
of mortality change for non-Hispanics could be biased.

In this section, we consider and rule out two alternative hypotheses for the measured rise in non-
Hispanic white mortality. First, survey questions change subtly over time; for example, the Census
permitted people to check multiple race boxes starting in 2000 (Currie, 2018). We show that there
are no discontinuities in the combined population records for non-Hispanic white or black populations
in our sample, suggesting multiple race reporting is not substantially biasing mortality estimates.

Second, populations’ attitudes about their own racial/ethnic identity may change over time. The
same person might be more likely to report herself as a given race/ethnicity in 2018 than in 1992.
Because Hispanics have lower mortality rates, if white Hispanics are more likely to report Hispanic
identity over time in surveys, this phenomenon could bias the non-Hispanic mortality trend upward.
We conduct a bounding exercise that shows that even if an implausibly large number of whites
changed their identity to Hispanic, there would still be large mortality gains among less educated
non-Hispanic whites.

Finally, average misalignment between Hispanic identification on death records and in census
counts would not bias mortality estimates unless the error rate changed between 1992 and 2018.
Further, researchers have examined potential misreporting of Hispanic identity on death certificates,
and have found that reporting of identity on death certificates is in fact reliable and consistent with
census data, with error rates consistently falling below 10%, which is too low to explain the patterns

described in this paper (Rosenberg et al., 1999; Arias et al., 2008, 2010; Ruiz et al., 2013).

Changes in survey questions. The option to check more than one race box in the 2000 Census

has the potential to change the share of the population that reports as any given race (Currie, 2018).
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The CPS question on race changed in 2003, while the question in the ACS (which we use only to cal-
culate the institutionalized population) changed in 2008. Figure D4 plots the total population in our
dataset by age and race. There is clearly no large discontinuous change in the population of any group
in either of these years, suggesting that the option to check multiple races in these national surveys can-
not explain the secular trend in rising mortality among the least educated white non-Hispanics. Note
also that only 5% of white 20-year-olds in the 2010 Census report multiple races (Currie, 2018). This

number drops to less than 2% among white 50-year-olds. This is thus unlikely to be a major concern.

Differences between the Census/CPS and NCHS reporting. A separate concern is
that Hispanic identity could be reported differently on death certificates and in Census counts.
Misreporting of ethnic identity on death certificates on average would not affect our findings on
mortality changes unless the frequency of misreporting changes substantially during the sample period.
For instance, to create an upward bias in mortality change among non-Hispanic whites, Hispanic
identity could be reported correctly on death certificates in 1992 but substantially underreported
in 2018. In that case, there must be only small changes in accuracy of reporting in the CPS.

To test the extent to which changes in reporting of Hispanic identity could influence mortality
estimates among non-Hispanic white mortality, we simulated misreporting in the data, focusing on
non-Hispanic white women aged 50-54 in the least educated 10%. Specifically, we assumed that X%
of white Hispanics in 201618 would have reported themselves as non-Hispanic white in 1992-94. We
therefore reassigned X% of white Hispanic deaths to be counted as white non-Hispanic deaths in 2016
18, and then recalculated bounds on mortality change from 1992-94 to 2016-18. Panels A and B of
Figure D5 plot the results of this exercise for non-Hispanic white women and men respectively. Even in
the extreme case where 20% of white non-Hispanic female deaths in 201618 would have been reported
as Hispanic deaths in 1992-94, we would still detect an increase in mortality of [397, 590] deaths per
100,000 among the bottom 10%, putting the lower bound on mortality increase at 65%. This example
shows that even an extreme amount of misreporting could not drive our findings for the least educated
group; however, note that estimates suggest the true amount of this kind of misreporting is much

smaller than this extreme case (Rosenberg et al., 1999; Arias et al., 2008, 2010; Ruiz et al., 2013).
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Figure D4

Population Counts by Group
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Note: the figure shows the population in each 5-year age bin of black and white non-Hispanics according to the CPS / ACS over

the study sample period.
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Figure D5
Mortality Changes with Simulated Measurement Error

Panel A: Non-Hispanic White Women Ages 50-54
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Panel B: Non-Hispanic White Men Ages 50-54
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Note: The figure displays the sensitivity of mortality estimates to measurement error in ethnicity. The figure shows how primary
mortality change estimates change if we recode white Hispanic deaths in 2016-18 to white non-Hispanic deaths, leaving reporting
in 1992-94 and population totals unchanged. The X axis shows the percentage of Hispanic deaths recoded as non-Hispanic deaths
under each scenario. The Y axis shows bounds on mortality change from 1992-1994 to 20162018 among non-Hispanic white men
and women aged 50-54 in the least educated 10%, under each different recoding. Bounds are otherwise calculated as in the body of

the paper.
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D.5 Analysis of Measurement Error Using Synthetic CPS Cohorts

This section conducts an exercise to determine whether misreporting of education can explain our
estimates of rising mortality among the least educated whites. Specifically, we examine whether
changes in CPS cohort sizes are consistent with our mortality estimates. For instance, if we conclude
from vital statistics that 5% of dropouts in a certain cohort die in a given year, then we expect
that cohort to shrink by about 5% in the following year, after adjusting for other factors that can
change cohort size. This approach addresses the concern that if CPS respondents increasingly inflate
their level of education (i.e. report that they have completed high school when in fact they did not),
then the denominator of the mortality rate (the estimated number of high school dropouts) would
be increasingly biased downward over time, causing us to overestimate mortality change.

We will put an upper bound on this source of bias by studying the size of a synthetic cohort of
dropouts and high school completers in the CPS. The size of a cohort of white high school dropouts
can change over time for five reasons: (i) deaths; (ii) migration; (iii) continuing education; (iv) false
reports of continuing education; or (v) some report that they are Hispanic, even though they would
not have reported this in the past. We calculate an upper limit on the share of individuals who
are exiting the sample for reporting reasons; this gives us a bound on the combined bias caused
by misreporting of education and ethnicity status in the mortality rate.

We measure the death rate in every period, and we assume that net migration of non-Hispanic
middle-aged whites is small enough to ignore. We also estimate the number of individuals passing
the GED, which is the primary form of continuing education for individuals who did not complete
high school. We obtained the number of GED passers from 1992 to 2013 from the GED Testing
Service.** The number of passers is disaggregated by 5- or 10-year age group; the GED Testing
Service also reports the share of passers who are female and the share who are white. The number
of passers is not further disaggregated either into single-year age bins or bins describing age * female
or age * race. We therefore assume that the number of passers is distributed uniformly across ages
within age bins, and that the female and white shares are the same at all ages. We expect that these

assumptions will bias downward our estimates of white female passers at higher ages, as women

43For a sample report, see the 2009 GED Testing Program Statistical Report, which we downloaded from
https://files.eric.ed.gov/fulltext/ED512301.pdf. Due to the absence of more recent data, we use 2015 as a terminal
year in the CPS and assume the number of GED passers in 2014 and 2015 is the same as in 2013. Alternate
assumptions do not materially affect the results.
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may be more likely than men to delay continuing education due to pregnancy.

Given our estimate of the number of GED passers and our estimate of the mortality rate, we can
predict how the size of a synthetic CPS cohort of high school dropouts will evolve over time. Any
discrepancy between our predicted cohort size and the actual cohort size will be driven by migration
(which we expect is small), continuing education in a form other than the GED, false reporting
of continuing education, or change in reporting of ethnicity. The discrepancy is therefore an upper
bound on the mismeasurement of mortality due to individuals exiting the sample due to misleading
reporting of education or ethnicity.

Figure D6 presents the results. The top left panel shows the analysis for non-Hispanic white female
dropouts. The gray squares show the CPS population of white female dropouts in the 1950-54 birth
cohort, approximately the middle 5-year birth cohort in our study. Their population falls over time
due to the five factors above. The black dot-dash line is a linear trend fit to the gray points to eliminate
year-on-year noise. The dashed blue line shows how the size of this cohort would have evolved over time
from mortality alone, beginning at the CPS trend line in 1992, based on our estimates from the NCHS.
The red line shows how this cohort would have evolved when we count deaths and GED completions. In
2015, the gap between the linearized CPS cohort size and the predicted cohort size is 8.0%. Assuming
that migration in this cohort is small, this gap is an upper bound on the error in our population count
that arises from false reporting of high school completion or changing in reporting of Hispanic ethnicity.

The remaining panels of the figure show the same result for white men, and for white women
and men in the 1960-64 birth cohorts. Continuing education explains more of the change in cohort
size for the younger 196064 birth cohort because individuals are more likely to complete GEDs at
younger ages. The potential biases for men are smaller than for women. The potential bias is highest
for women in the 1960-64 birth cohort, with a discrepancy of 23.6% between the CPS population
and our predicted population. One factor that could explain this discrepancy is the possibility that
women are more likely to take the GED later in life than men because of early pregnancies. Our GED
passing numbers did not report age profiles for men and women separately, so we had to assume that
men and women are equally likely to take the exam in their thirties and forties. If men are more
likely to take the exam in their teens and twenties and women are more likely to take it later in life,
then our predicted measures would be even closer to the true series for both men and for women.

Nevertheless, for the sake of argument, we can consider how our mortality change measures would
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change if our mortality estimates in 201618 are biased upward by the worst case estimate of 23.6%.%
We estimate that 50-54-year-old women (corresponding to the 1960-64 birth cohort in 2016-18)
in the least educated 10% experienced mortality increases of 100-150% from 1992-94 to 2016-18. If
we underestimated the population of white female dropouts in this birth cohort by 23.6% in 2016-18,
the corrected mortality change would be an increase of 62-102%. While this number is smaller,
it is still considerably higher than the mortality change estimate in the next education percentile
group— among similarly-aged women in the 10th to 45th percentiles, we estimate mortality change
between -6% and +20%.

These worst case assumptions are implausible for three reasons. First, the calculation above uses
the discrepancy for the 1960-64 birth cohort, which is among the largest in our sample; among
women in the 1950-54 birth cohort, assuming the maximum bias would bring mortality change
down only from 132-149% to 115-131%. Among men, the bias is less than 10% across all age groups.
Second, as noted above, women may be disproportionately likely to complete the GED at higher
ages, bringing down the potential bias. Last, there are other mechanisms for individuals to obtain
continuing education after dropping out of high school; we are only able to count the GED, and
thus incorrectly attributed other schooling to bias. All these reasons suggest we have overstated
the potential bias. Nevertheless, even if we make these worst case assumptions, the overall finding
of disproportionately rising mortality among the least educated holds up.

Finally, Figure D7 shows similar graphs documenting the change in the size of synthetic CPS
cohorts of white high school completers. For these groups, we can only predict population change due
to mortality, because we could not obtain population counts of the number of whites obtaining any
sort of 2- or 4-year degree by year and age. Nevertheless, even without counting continuing education,
the potential discrepancies are very small and within the range that could be plausibly explained
entirely by continuing education. In short, false reporting of education in the CPS cannot come

close to driving the main results of substantial mortality increases among the least educated whites.

44\We use 2016-18 as the comparison period, even though we only calculated bias up to 2015 due to availability
of the GED data.
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Figure D6
Bounding Measurement Error in CPS Dropout Counts
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The figure displays the population in selected cohorts of CPS dropouts. These are compared with the predicted population based on measured mortality and GED completion. The

gray points show the counts of members of each gender/education group in each round of the CPS. The dot-dash black line is a linear trend fit to the gray points to eliminate year-on-year

noise. The dashed blue lines begin at the CPS trend line in 1992, and show how the CPS population would have evolved from mortality alone. The solid red line shows how the CPS
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Figure D7
Bounding Measurement Error in CPS High School Completer Counts
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D.6 Comparison with National Health Interview Survey

In this section, we use an alternate data source to validate the findings in the body of the paper.
We use the National Health Interview Survey (NHIS), which is an annual repeated cross-section
survey of about 35,000 households and 87,000 individuals. Mortality rates can be calculated directly
from the NHIS, because NHIS records are intermittently linked to death certificate records from
the National Death Index. We can therefore estimate a population subgroup mortality rate as the
share of individuals who are deceased in a given followup period.

Because mortality rates and education/ethnicity are all measured for the same individuals, there
is no possibility of inconsistent measurement of ethnicity or education between death counts and
population counts. For instance, if some individuals without a high school education report that they
have a high school education, both their deaths and their population will be counted among the high
school group. This may create a small bias if mortality is correlated with misreporting, but it will
be considerably less bias than if their deaths are counted in the dropout group and their population
is counted in the high school completion group. This said, NHIS-based measures of mortality slightly
underestimate aggregate mortality relative to vital statistics data, especially for older white women,
because the NHIS sample population appears to be more healthy than average (Ingram et al., 2008).

We obtained public NHIS data with mortality followup for NHIS participants linked to death
records through 2015. NHIS interviews occur throughout the year.*> We aggregated results across all
ages using the standardized U.S. population distribution, as in Section 4.4. Because our aim in this
section is to validate the raw mortality estimates from the NCHS, we present raw mortality change
for education levels, rather than bounding the mortality change in constant education percentiles.

Figure D8 below compares estimates of annualized mortality change in the NHIS vs. our estimates
from the NCHS for the four key groups in our study: non-Hispanic white female dropouts and high
school completers, and non-Hispanic white male dropouts and high school completers. Mortality
change in the NHIS is calculated from the average mortality in periods 1997-1999 to the last period
in which the n-year mortality rate can be calculated. For example, we can compute 1-year mortality
for the 2014 data, 2-year mortality for the 2013 data, etc.

The red points in Figure D8 show NHIS mortality estimates with 95% confidence intervals. Even

45The sample of deaths in the year following the NHIS survey is extremely small. In some of our subgroups,
there were zero deaths reported in the shortest followup periods.
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with the 6-year followup period, the NHIS sample is too small to precisely estimate mortality change
over the sample period. Most point estimates are very close to our mortality change estimates from
NCHS data (indicated by the dashed green line), but in many cases the NHIS confidence interval
includes both zero and our measure. In almost all cases, our NCHS measure of mortality change
is within one standard error of the NHIS estimate and they are particularly close for the largest
sample mortality followup in NHIS (6 years).*0

Health status. NHIS estimates of mortality are imprecise because the number of middle-aged
white dropouts in the sample who die is very small. We can obtain more precise estimates of health
status, which is reported by all respondents. NHIS respondents are asked to report their perception
of their own health on a five point scale, where one reflects very good health, and five reflects very
bad health. In Figure D9, we show the annualized change in self-reported health status from 1997
to 2014 at each age and education level, plotted with a lowess smoother.

The left panel shows the result for non-Hispanic white women. At most ages, dropouts have
experienced worse health declines than members of any other group. Among 40-60-year-old women,
self-reported health status has gotten 0.0175 points worse per year, or 0.2 points worse on a 5 point
scale from 1997 to 2009. The age pattern of the health decline closely matches our mortality results in
Figure 6, with the greatest divergence between dropouts and high school graduates occurring between
ages 40 and 60. We observe less change in the education-health gradient among men, but dropouts
suffer the worst relative deterioration in health between ages 5070, corresponding exactly to the ages
where we document the greatest differential increases in mortality among the bottom 10% in Figure 6.

In conclusion, measures of mortality and self-reported health in the NHIS are broadly consistent
with our findings of increased mortality among middle-aged whites in the least educated 10%. These
NHIS measures are less precise than the vital statistics mortality data, but they do not suffer from
any division bias that could be caused by changes in how individuals respond to questions about

their education or ethnicity over time.

46Compared with our results, NHIS calculates slightly higher mortality increases for high school completers
and slightly lower for dropouts, but the opposite interpretation also falls within the confidence interval. The NHIS
estimates are just not precise enough to make any clear statement about the difference between these groups.
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Figure D8
Annualized Mortality Change Estimates from NHIS and from NCHS (1997-2015)
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The figure compares estimates of annualized mortality change in the National Health Interview Survey (NHIS) with vital statistics
data from the NCHS, used in the body of the paper. The annualized change in the mortality rate from 1997-99 to 2015 according to
NHCS (vital statistics data) is indicated by the dashed green line. The six different points for each panel reflect annualized mortality
changes in the NHIS based on measurement of 1-year mortality, 2-year mortality, 3-year mortality, and so on. l-year mortality is
reported in the NHIS using 1997-1999 as a base period and comparing to participants interviewed in 2014 with mortality followup to
2015. 2-year mortality change is reported from 1997-1999 and comparing to 2013 participants, and so on. These different estimates
are nevertheless comparable because the mortality change estimates are annualized. Standard errors are calculated for the NHIS using

NHIS sample weights.
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Figure D9
Change in Self-Reported Health Status (NHIS, 1997-2015)
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The figure shows a lowess fit to the annualized change in self-reported health from 1997 to 2015 at each age, according the NHIS.
Self-reported health status is on a five point scale, where one represents the best health and five represents the worst. We calculate
annualized change for each age cohort / education group by regressing self-reported health status on a year variable. We then plot
the year coefficients for each age/education group using a lowess smoother to minimize noise across single-year age cohorts. The series

therefore shows the predicted change in self-reported health for an individual in a given age, gender and education group.
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D.7 Measurement Error in Education

This subsection further explores the possibility that measurement error in education biases the
main finding of rising mortality among the least educated whites. High school graduation rates
on death certificates are thought to be inflated on average, though higher education levels appear
to be reported accurately (Sorlie and Johnson, 1996). There is no evidence that this bias has
changed during the sample period, but (as discussed in Appendix D.5) if overreporting of high school
completion on death certificates (but not in the CPS) were to decline over time, it would cause
mortality change among high school dropouts to biased upward.

For measurement error to explain the rising mortality among dropouts described in this paper,
it would need to be the case: (i) that the measurement error in education changes substantially
during the sample period; (ii) that measurement error changes differentially for deaths of deaths
of despair and deaths in other categories, at different ages, but changes considerably less for deaths
of despair; and (iii) that measurement error has declined dramatically for non-Hispanic whites, but
has changed only minimally for blacks. Misreporting rates would have to differ substantially across
age groups as well—for example, we find that dropouts account for nearly all mortality gain among
50-54-year-olds white women, but that rising mortality is equally distributed among dropouts and
high school graduates among 25-29-year-old white women.

In contrast, if white respondents were increasingly inflating their education in the CPS, we would ex-
pect a uniform increase in mortality from all causes, across all ages, which is not remotely what we find.
Note also that other researchers have noted rising health disparities between dropouts and high school
graduates, in datasets where misreporting of education is unlikely to be a concern (Montez et al., 2011).

We show here that even if one treats the distinction between dropouts and high school graduates
as unreliable, the central finding of rising mortality among the least educated remains clear. To show
this, we combine dropouts and high school graduates into a single education group, and we estimate
mortality change for three constant education percentile bins: (i) percentiles 0-45 (corresponding
approximately to dropouts and high school graduates in in the middle of the sample period; (ii)
percentiles 45-70; and (iii) percentiles 70-100. Figure D10 shows estimates of mortality change from
1992-94 to 2016-18 for these three groups. We continue to find a dramatic rise in mortality among

whites at the bottom of education distribution, though we have defined the bottom more broadly
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here. We find that mortality among the bottom 45% of the education distribution rises over 50%
for white women below 45, rises 0-50% for women 40-59, and is flat at older ages. Mortality among
white men in the bottom 45% is rising for age groups below 60.

In short, we find significant increases in mortality disparities by education even when we pool
high school graduates and high school dropouts. However, by ignoring the distinction between
dropouts and high school graduates, we miss the important difference in causes of death noted in
Figure 7—mortality increases outside of the very bottom of the distribution are driven primarily
by deaths of despair, but mortality increases in the bottom 10% are driven by a multitude of causes.
Absent evidence that measurement error in death records has changed substantially during the sample

period, rising mortality among the least educated 10% of the population should be taken seriously.
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Figure D10
Change in non-Hispanic White Mortality: 3 Education Groups

Panel A: Non-Hispanic White Women
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Panel B: Non-Hispanic White Men
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Note: The graph shows changes in mortality by age, sex, race, and constant percentile education bin. The figure is analogous to Figure 6, but with
the bottom two education categories (percentiles 0-10 and 10-45) pooled into a single category covering percentiles 0-45. The lines show the bounded
set containing the percentage change in the mortality rate from 1992-1994 to 20162018 for the given group. Bounds are calculated following Section 3.
Sources: CPS, NCHS.
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