€Y Routledge

g Taylor &Francis Group

Population Studies
SIEEEEES A Journal of Demography

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/rpst20

A distributional approach to measuring lifespan
stratification

Jiaxin Shi, José Manuel Aburto, Pekka Martikainen, Lasse Tarkiainen &
Alyson van Raalte

To cite this article: Jiaxin Shi, José Manuel Aburto, Pekka Martikainen, Lasse Tarkiainen & Alyson
van Raalte (2022): A distributional approach to measuring lifespan stratification, Population Studies,
DOI: 10.1080/00324728.2022.2057576

To link to this article: https://doi.org/10.1080/00324728.2022.2057576

8 © 2022 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

A
h View supplementary material &

ﬁ Published online: 10 May 2022.

\]
CJ/ Submit your article to this journal &

||I| Article views: 878

A
& View related articles '

View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=rpst20


https://www.tandfonline.com/action/journalInformation?journalCode=rpst20
https://www.tandfonline.com/loi/rpst20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00324728.2022.2057576
https://doi.org/10.1080/00324728.2022.2057576
https://www.tandfonline.com/doi/suppl/10.1080/00324728.2022.2057576
https://www.tandfonline.com/doi/suppl/10.1080/00324728.2022.2057576
https://www.tandfonline.com/action/authorSubmission?journalCode=rpst20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=rpst20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/00324728.2022.2057576
https://www.tandfonline.com/doi/mlt/10.1080/00324728.2022.2057576
http://crossmark.crossref.org/dialog/?doi=10.1080/00324728.2022.2057576&domain=pdf&date_stamp=2022-05-10
http://crossmark.crossref.org/dialog/?doi=10.1080/00324728.2022.2057576&domain=pdf&date_stamp=2022-05-10

Population Studies, 2022
https://doi.org/10.1080/00324728.2022.2057576

% Routledge

Taylor &Francis Group

W) Check for updates

A distributional approach to measuring lifespan
stratification

Jiaxin Shi ©'2, José Manuel Aburto ©*7, Pekka Martikainen ©'*>,

Lasse Tarkiainen ©* and Alyson van Raalte

1

Max Planck Institute for Demographic Research, 2University of Oxford, 3University of Southern Denmark,
“University of Helsinki, *Stockholm University

The study of the mortality differences between groups has traditionally focused on metrics that describe

average levels of mortality, for example life expectancy and standardized mortality rates. Additional

insights can be gained by using statistical distance metrics to examine differences in lifespan distributions

between groups. Here, we use a distance metric, the non-overlap index, to capture the sociological

concept of stratification, which emphasizes the emergence of unique, hierarchically layered social strata.

We show an application using Finnish registration data that cover the entire population over the period

from 1996 to 2017. The results indicate that lifespan stratification and life-expectancy differences

between income groups both increased substantially from 1996 to 2008; subsequently, life-expectancy

differences declined, whereas stratification stagnated for men and increased for women. We conclude

that the non-overlap index uncovers a unique domain of inequalities in mortality and helps to capture

important between-group differences that conventional approaches miss.

Supplementary material for this article is available at: http://dx.doi.org/10.1080/00324728.2022.2057576

Keywords: mortality inequality; measurement; life expectancy; lifespan inequality; income; Finland

[Submitted March 2021; Final version accepted November 2021]

Introduction

Mortality reduction and longevity extension are pro-
gressing unequally at the global, regional, national,
and subnational levels. In 2018, life expectancy at
birth was 63 years among low-income countries, 18
years lower than in high-income countries (World
Bank 2021). Numerous studies have documented
that even within high-income countries, differences
in life expectancy between socio-economic groups
can be strikingly large. In the United States (US),
for instance, men in the top 1 per cent of the
income distribution lived 14.6 years longer on
average than those in the bottom 1 per cent during
the period 2001-14 (Chetty et al. 2016). Large gaps
in life expectancy between socio-economic groups
have been reported in many other countries and at
different times (e.g. Brgnnum-Hansen and Baads-
gaard 2012; Martikainen et al. 2014; Mackenbach
et al. 2018).

The reduction of mortality inequalities arguably
constitutes one of the major public health challenges
and is important for further advances in human long-
evity as a whole. To date, a large segment of the lit-
erature examining between-group differences in
longevity has focused on the comparison of group
averages, such as age-standardized mortality rates
and life expectancies. While life expectancy is
undoubtedly a powerful mortality indicator, other
important facets of between-group differences in
longevity can be hidden if life expectancy alone is
studied.

To better the understanding of between-group
differences in longevity, we introduce and quantify
a new concept: lifespan stratification. Measuring life-
span stratification belongs to an approach that has
been taken less frequently —comparing the distance
and non-overlap between lifespan distributions—
and which is conceptually different from convention-
al approaches of comparing central tendencies (e.g.
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life expectancy) or variabilities. We show that the
non-overlap index we use operationalizes the long-
standing sociological concept of social stratification
and reveals the extent to which society is divided
into unique social strata when individual longevity
is the outcome variable. Our empirical example of
lifespan stratification between Finnish income
groups illustrates that this new measure reveals
new inequality patterns. Hence, our measure is a
useful addition to the demographer’s toolbox of
analysis on mortality differences.

Conventional approaches to measuring
mortality differences

Measurement of differences in lifespan distributions
between population subgroups has generally been
approached in one of the following ways: (1) by com-
paring measures of central tendency (e.g. mean,
median, mode); (2) by comparing the spread or pre-
matureness of mortality (e.g. variability, years of life
lost (YLL)); or (3) by comparing overall distri-
butions using statistical distance measures (e.g. Kull-
back-Leibler divergence (KLD)). Here we review
the first two approaches, before focusing on statisti-
cal distance measures in the next section.

Comparing central tendencies

Earlier work on social differences in mortality has
tended to compare age-standardized mortality rates
between social groups using rate ratios (Whitney
1934; Logan 1954; Kitagawa and Hauser 1973;
Duleep 1989). Rate ratios show the relative differ-
ence between groups, while rate differences show
the actual size of the inequality. Life expectancy
has also long been used by prior studies to examine
group differences in mortality (Antonovsky 1967,
Brgnnum-Hansen and Baadsgaard 2012; Chetty
et al. 2016). It is the mean value of the lifespan distri-
bution from the life table, and a comparison of life
expectancies can be used to indicate the average
number of years by which a group of individuals out-
lives another group. Other measures of central ten-
dency, such as the modal and median age at death,
have long been included in mortality analysis and
have enriched demographers’ understanding of the
evolution of human longevity (Lexis 1878; Kannisto
2001; Cheung and Robine 2007; Canudas-Romo
2008, 2010; Ouellette and Bourbeau 2011; Cohen
and Oppenheim 2012; Horiuchi et al. 2013). Recent
research on mortality differences between

population subgroups has started to incorporate
these additional central tendency measures beyond
the traditional comparisons of life expectancy
(Brown et al. 2012; Zarulli et al. 2012; Diaconu
et al. 2022).

Like mortality rates, central tendency measures
can also be compared using ratios or differences. In
practice, life expectancy ratios are less frequently
reported than life-expectancy differences. Absolute
and relative measures yield the same patterns of
inequalities when population subgroups are exam-
ined at a given time, when the aim is to understand
whether group A is performing better than group
B. However, absolute and relative measures may
contradict each other when the goal is to examine
how the magnitude of mortality difference between
A and B varies across time or place: for example,
when seeing whether the sex difference in life
expectancy is larger in one country than in another.
Adding a dimension of time or place to social differ-
ences in mortality complicates the comparison of
central tendency measures. For illustration, we
compare life expectancies at birth for men in three
countries. In 2018, life expectancies for men in
Nigeria, Pakistan, and Hong Kong were 53, 66, and
82 years, respectively (World Bank 2021). Consider
two comparisons: (1) difference in life expectancy
between Nigeria and Pakistan; and (2) difference
in life expectancy between Pakistan and Hong
Kong. The mean difference between Pakistan and
Nigeria was 13 years and between Hong Kong and
Pakistan was 16 years, suggesting that mortality
difference was larger between Hong Kong and Paki-
stan than between Pakistan and Nigeria. However,
life expectancy for men in Pakistan was 1.25 times
that of Nigeria, while life expectancy for men in
Hong Kong was 1.24 times that of Pakistan,
suggesting that mortality difference was more
similar between Hong Kong and Pakistan than
between Pakistan and Nigeria. Therefore, monitor-
ing life expectancy inequalities using differences
and ratios can yield inconsistent results. Similarly,
slope and relative indices of inequality when exam-
ined on mortality rates often lead to different con-
clusions about the direction of changes in
inequalities (e.g. Mackenbach et al. 2018).

In summary, assessing whether the longevity gap
has been growing or diminishing and whether pol-
icies have been successfully narrowing the gap can
depend on whether absolute or relative measures
are used (Carter-Pokras and Baquet 2002; Harper
and Lynch 2017). The potential inconsistency in the
two types of measures is perhaps a limitation of
this approach.



Comparing variabilities

A recent strand of research has shifted the attention
from group differences in means to group differ-
ences in variabilities (Edwards and Tuljarpukar
2005; Brown et al. 2012; Permanyer et al. 2018; van
Raalte et al. 2018). Lifespan variability measures
the within-group heterogeneity in ages at death. It
also captures the degree of lifetime uncertainty
that a random individual from that group faces. For
individuals, lower uncertainty conditional on the
same expected lifespan means greater security,
which, as economists have argued, people would
rather gain at the expense of losing a few years of
expected life (Edwards 2013). A wide range of varia-
bility measures are available, due to the well-
researched area of income inequality. Lifespan varia-
bility measures include the interquartile range, Gini
coefficient, coefficient of variation, and standard
deviation. In demography, metrics such as the life
table entropy (H ) and life disparity (e7) have been
introduced due to their useful interpretations
(Leser 1955; Keyfitz 1977; Goldman and Lord
1986; Vaupel 1986; Vaupel and Canudas-Romo
2003).

The theory of mortality compression predicts that
as mortality reduction continues, lifespans tend to be
concentrated around the mean age at death and thus
the survival curve evolves towards a more rectangu-
lar shape (Fries 1980; Myers and Manton 1984).
Indeed, research has shown that rising life expect-
ancy was historically often coupled with falling life-
span variability (Smits and Monden 2009; Vaupel
et al. 2011). Cross-sectional data have shown that
lower socio-economic groups tend to exhibit larger
lifespan variability in addition to lower life expect-
ancy (Edwards and Tuljarpukar 2005; van Raalte
et al. 2011; Brown et al. 2012). These findings point
to the so-called ‘double burden’ (van Raalte et al.
2018) among people of lower socio-economic status
(SES); that is, compared with high-SES individuals,
low-SES individuals not only live shorter lives on
average but also face greater uncertainty about the
timing of death.

The theoretical prediction and the empirical
associations between life expectancy and lifespan
variability seem to challenge the motivation for
including lifespan variability in research on
between-group differences in mortality. However,
recent evidence has suggested that for some popu-
lations or population subgroups (e.g. lower-SES indi-
viduals), increasing life expectancy has been
associated with stagnating or increasing lifespan
variability (Brgnnum-Hansen 2017; Aburto and
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van Raalte 2018; Permanyer et al. 2018; van Raalte
et al. 2018). Hence, comparing lifespan variability
between social groups is helpful for detecting
additional dimensions of inequalities.

Comparing distributions

Unlike the approaches of comparing central ten-
dency measures and lifespan variabilities, our
approach takes into account differences in the
whole range of lifespan distributions (i.e. by measur-
ing statistical distance).

Statistical distance

How big is the difference between two lifespan distri-
butions? This question relates to the concept of stat-
istical distance. Measures of statistical distance can
quantify the distance between two populations or
two probability distributions, and they capture how
much ‘effort’ is needed to transform one lifespan dis-
tribution into another. Statistical distance measures
have been widely used in many disciplines, including
biology, chemistry, information theory, mathematics,
mechanical engineering, and statistics (Cha 2007).

All distance metrics need to fulfil four conditions
(Deza and Deza 2009). Consider a distance metric
D(A, B) where A and B are two distributions. The
four conditions are expressed as follows:

(1) D(A, B) > 0 (non-negativity);

(2) D(A, B) = 0, if and only if A and B are
identical (identity of indiscernibility);

(3) D(A, B) = D(B, A) (symmetry);

(4) D(A, B) + D(B, C) = D(A, C)
inequality).

(triangle

A related concept to statistical distance is diver-
gence, based on the idea of entropy that originated
in information theory (Shannon 1948). Unlike dis-
tance metrics, divergence need satisfy only con-
ditions (1) and (2), although the term divergence is
sometimes used interchangeably with statistical dis-
tance (Ullah 1996). A well-known divergence
measure is the KLD (Kullback and Leibler 1951).

The distributional approach using measures of dis-
tance and divergence offers new research opportu-
nities for the analysis of mortality differences,
beyond summary measures such as mean, mode,
and variance. Numerous distance and divergence
measures (see an overview in Cha 2007) can be
used to answer the question of how big the
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difference between two lifespan distributions is.
Thus far, only a few studies have taken this distribu-
tional approach. Sasson (2016) used the KLD to
examine the divergence in age-at-death distributions
between educational groups. (Note that throughout
this paper, ‘age-at-death distribution’ refers to the
life table dx, rather than the observed deaths, Dx.)
Edwards and Tuljapurkar (2005) and d’Albis et al.
(2014) also used the KLD to compare country-
specific lifespan distributions. As a divergence
measure, the KLD does not satisfy the symmetry
and triangle inequality conditions.

Conceptualizing stratification

Different distance and divergence measures have
unique properties that provide different infor-
mation. We use a distance metric to quantify the
concept of stratification of lifespan. In sociology,
stratification is defined as the phenomenon of
society being divided into hierarchically layered
strata, characterized by historical, cultural, and econ-
omic distinctions (Mann 1984). Social class, edu-
cation, and income are among the most common
social stratifiers of a society (Grusky and Weisshaar
2014). The use of terminology in the existing litera-
ture is wide-ranging. The stratifier is often inserted
before the term ‘stratification’, for example gender
in ‘gender stratification’. It is also common use to
insert the outcome before ‘stratification’; for
instance, ‘income stratification’ has been used in
prior research where income is the outcome (e.g.
Yitzhaki and Lerman 1991; Allanson 2014; Zhou
and Wodtke 2019). In our study, lifespan is the
outcome and income is the stratifier. We use the
terms ‘lifespan stratification’ and ‘the stratification
of lifespan’ interchangeably.

In a broad sense, stratification is often a synonym
of inequality, yet Yitzhaki and Lerman (1991) argued
that stratification is conceptually different from
inequality, the latter often being measured by the
distance between group means. Social stratification
emphasizes the formation of observable layers
based on group characteristics (Lasswell 1965). Put
differently, stratification reflects the extent to
which social groups form unique strata but does not
show how big the differences in group means are.
According to this rationale, life-expectancy differ-
ence between social groups is a good measure of
inequality but is not suitable for measuring stratifica-
tion. When we discuss stratification, it is strictly this
narrower phenomenon of distributional distance
that we are referring to. The emphasis of

stratification on distinguishable strata and noticeable
boundaries coincides partly with the concept of stat-
istical distance. Both stratification and statistical dis-
tance relate to the phenomenon of two distributions
being distinct.

Prior research using the narrow definition of
stratification has focused almost exclusively on out-
comes such as income and wealth, and little is
known about the stratification of lifespan. Admit-
tedly, unlike income, lifespan cannot be redistributed
across individuals. But unequal lifespans arise partly
from unequal distributions of both monetary and
non-monetary resources (Link and Phelan 1995;
Lynch et al. 2000; Marmot 2005; Phelan et al.
2010). Examining the stratification of lifespan can
therefore inform us how health-related resources
are stratified between social groups and can shed
new light on research into mortality differences.

Formalizing stratification

Consistent with prior research on the stratification of
income (Zhou and Wodtke 2019), we propose to
quantify the stratification of lifespan by the pro-
portion of non-overlap of two lifespan distributions.
This measure relates to the Jaccard index, originally
used by ecologists to measure similarity in flora
between districts (Jaccard 1912), and the Tanimoto
index (Tanimoto 1958), a measure widely used in
chemical research to quantify molecular similarity.
The Jaccard and Tanimoto similarity metrics are
mathematically equivalent. They are calculated as
the ratio of the intersection to the union, that is,
(AN B)/(AU B) (i.e. overlap/total). The Jaccard
(Tanimoto) distance is calculated as
1 — Jaccard (Tanimoto) similarity. For probability
distributions, the Jaccard (Tanimoto) distance is
also equivalent to the Wave Hedges index (Cha
2007). (We agree with Prasath et al. (2017) that the
name ‘Wave Hedges’ is questionable, as the
formula for the Wave Hedges index cannot be
traced to the original paper by Hedges [1976] as
cited in Cha [2007]). Due to the inconsistent
naming of this measure, we refer to it as the non-
overlap index, with notation §j;, for the stratification
of lifespan between (sub)populations i and j. Note
that here i and j can be two subpopulations or any
two populations where the comparison is substan-
tively meaningful (e.g. US vs Japan). S is calculated
as follows:

[¢ min{d(x), dj(x))dx

% = sl (). dy ()}

(1)



where « is the starting age, w is the maximum life-
span, and d;(x) and d;(x) are life table age-at-death
distributions for (sub)populations i and j,
respectively.

S, reaches the maximum of one when two age-at-
death distributions do not overlap (maximum strati-
fication) and the minimum of zero when two distri-
butions are identical (no stratification).
Stratification increases monotonically as §j; increases
from zero to one. It can easily be proved that this
index satisfies the four aforementioned conditions
of a distance metric (Kosub 2019). This is an advan-
tage as compared with the asymmetric measure
KLD used in earlier research (e.g. Sasson 2016); it
is arbitrary whether the KLD between groups A
and B is measured from A to B or from B to
A. The non-overlap index is not just a distance
measure but also captures the sociological concept
of stratification, which makes it easier to interpret
than other distance measures.

Furthermore, a larger proportion of non-overlap-
ping lifespans means a greater likelihood that a
random individual in the group with lower life
expectancy will die earlier than another random indi-
vidual from the group with higher life expectancy.
This concept is closely related to the outsurvival
probability (Bergeron-Boucher et al. 2020; Vaupel
et al. 2021). Stratification and the outsurvival prob-
ability both rely on the topological relationship
between two lifespan distributions. Yet unlike the
outsurvival probability, which focuses interpretations
at the individual level, stratification reflects the
unequal distributions of lifespans at the societal level.

Although the non-overlap index always captures the
extent to which two distributions differ from each
other, it is not designed as a measure of the tendency
for values from one distribution to be higher (or
lower) than those from the other. Thus, the non-
overlap index is not suitable for measuring lifespan
stratification, unless X and
{di(x) — dj(x)}/{di(x) + dj(x)} are strongly correlated.

(a) 0.05 ®) 04
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This way, lifespan distributions can be seen as hier-
archically layered. Figure 1(a) shows an example
where two distributions do not fulfil this condition.
However, for human populations, x and
{di(x) — dj(x)}/{di(x) + d;(x)} tend to be strongly cor-
related, because human populations follow similar pat-
terns of lifespan distribution and because the central
tendency and the dispersion of a lifespan distribution
are generally negatively correlated, both cross-section-
ally and over time. It is worth mentioning that the same
value of the non-overlap index may result from scen-
arios where the skewness and location (age) of the dis-
tributions differ. In Figure 1, panels (b) and (c) show
the same proportions of non-overlap as each other
(around 2/3), but panel (b) displays a situation where
the two distributions occupy a wider range of lifespans.
In panel (b) no individuals from the shorter-lived group
survive to ages above 85, where a big part of the non-
overlap from the longer-lived group lies. Consequently,
compared with panel (c), the two distributions in panel
(b) arguably occupy more unique strata and thus their
stratification is higher. In such a case, the non-overlap
index would not be an appropriate metric of lifespan
stratification. Again, these cases are unlikely to be
observed in human populations.

To illustrate the conceptual differences and the
possible links between stratification and the two con-
ventional approaches, we show four hypothetical
scenarios of the stratification of lifespan in Figure 2
(a)—(d). In panels (a) and (b), the life expectancies
of the two social groups are 70 (left) and 75 (right);
thus, the life-expectancy difference between the
two groups is five years. As the two groups in
Figure 2(a) exhibit low standard deviations and the
two groups in Figure 2(b) show high standard devi-
ations, the stratification levels in the two panels are
different, with moderate stratification for panel (a),
and low stratification for panel (b). In Figure 2(c)
and (d), there is a 10-year difference in life expect-
ancy between the two groups. Panel (c) displays a
higher level of lifespan stratification than panel (d)

. © 004 o
X 0.03 o

1

X 0.02 !

0.01 \

0.00

25 35 45 55 65 75 85 95 105 25 35 45 55 65 75 85 95 105

Age at death

Figure 1 Special cases where the non-overlap index cannot perform well

Source: Authors’ own.
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Lifespan variabilities: low — high
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Figure 2 Hypothetical scenarios of age-at-death distributions in two groups

Source: As for Figure 1.

due to its low standard deviations in both groups. If
we examine these panels vertically—comparing
Figure 2(a) with (c) or Figure 2(b) with (d)—the
standard deviations of the two groups are the
same, but as life-expectancy differences increase,
stratification also increases. Therefore, stratification
can be affected by differences in both life expectancy
and standard deviation.

Our stylized examples suggest that the relation-
ships between stratification and the other two types
of measure of between-group differences are
unclear. The three indicators may respond differ-
ently to mortality changes at different locations
(ages) in the distributions; thus, over time, they
may produce different or even conflicting trends, as
has been observed for the stratification of other
types of social goods (Zhou and Wodtke 2019). For
instance, in the high-stratification scenario depicted
in Figure 2(c), individuals in the lower-mortality
group all survive to middle age, whereas no one
from the higher-mortality group survives to old
age. If the oldest people in the lower-mortality
group were to live longer, or if those individuals in
the higher-mortality group who die at young ages
were to die at an even younger age, differences in
life expectancy would increase, while stratification
would remain invariant.

Unlike the two conventional approaches that com-
prise both absolute and relative measures, the non-
overlap index for the stratification of lifespan is a
relative measure and does not have an absolute
counterpart. As a non-parametric index, the value

of §;; is not dependent on actual lifespan values but
on the relative location of the two distributions. A
monotonic transformation of the lifespans of all indi-
viduals (by adding/subtracting some years or includ-
ing a scaling factor) will not change the value of Sj;.

Multigroup stratification

Calculation of the stratification index becomes less
straightforward if we are interested in comparing
multiple groups. Constructing a stratification index
for multiple groups involves several considerations.
First, we need to decide whether interest lies in
overall stratification or in stratification with regard
to a reference group. We propose to measure
overall stratification, St,,, by a weighted sum of
all pairwise comparisons:

N
D 1<icj<n WiW;Sij
Stoa = =S ——— (2)

1<i<j<N WiWj

where N denotes the total number of (sub)popu-
lations, and w; and w; are the sizes of (sub)popu-
lations i and j, respectively (when i =j, S; = 0). It
is essential to include all pairwise comparisons, as
the two-group stratification is not transitive, that is,
one combination of S4p and S4¢ can lead to differ-
ent values of Spc. See Figure Al in the supplemen-
tary material for an example.

An alternative is to calculate stratification with
regard to a reference group (e.g. the highest SES



group or the best-performing group). We propose to
measure the reference-based stratification as a
weighted sum of all comparisons in which one
group is always the reference group, R:

N
Sp— D 1<i<N WRWiSRi 3)
- N
ZlgigN WRWi

where Si denotes the multigroup stratification with
a reference group R, and wg and w; are the sizes of
(sub)populations R and i, respectively (when i = R,
Sri = 0). The selection of a reference group may
involve normative judgments (Harper et al. 2010)
and has implications for interpretation. Choosing
the best-performing group as the reference group
quantifies the extent of mortality inequality that
could be eradicated if lifespans of those in the disad-
vantaged groups could be extended to those enjoyed
by the lowest mortality group. Alternatively, we
could use the population average as the reference
group. This would imply that reducing the lifespan
of the longer lived is one way to achieve low stratifi-
cation. However, this is unlikely to be acceptable,
even to egalitarians, and does not recognize that life-
spans are not directly transferable.

Lastly, the choice of weights also has conse-
quences for interpretation. Weights based on popu-
lation size may be considered to reflect the public
health relevance of lifespan differences. However,
if a socially disadvantaged group comprises a small
number of individuals, should we care less about
them? We might argue that each group is equally
important (Harper and Lynch 2017). Such justifica-
tion may lead to giving all groups being compared
equal weights.

An empirical example of lifespan
stratification between income groups in
Finland

In this section, we present an empirical example of
the stratification of lifespan between Finnish
income groups. Finland is used because it benefits
from an exceptionally long time series of full popu-
lation data by income percentile and shows mortality
inequalities comparable with countries and regions
such as the US and western Europe (Mackenbach
et al. 2005; Elo et al. 2006; Mortensen et al. 2016).
The results are based on period life tables by sex,
year, and income quintile (measured in the year
prior to exposure). Only individuals aged 25 and
above are included, meaning that all reported
measures in the example are conditional on
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surviving to age 25. From these life tables we calcu-
lated the remaining life expectancy (hereafter life
expectancy), remaining lifespan variation (hereafter
lifespan variation), and stratification indices. See an
overview of the data set in the supplementary
material (Appendix B).

Lifespan distributions

We first investigate how the age-at-death distri-
butions have evolved differently for those in the
lowest and highest income quintiles (20 per cent
income groupings). Figure 3 shows the distributions
for three periods: 1996-2000, 2006-10, and 2013—
17. The vertical lines mark the mean ages at death
for the two distributions in each panel. From 1996—
2000 to 2013-17, there was a general pattern of mor-
tality moving toward older ages for both women and
men regardless of income group, which resulted in
increases in life expectancy. However, mortality
evolved differently in the lowest and highest
income groups at certain ages. For men in the
lowest income group, there were early ‘humps’ in
the age-at-death distributions across ages 55-70 for
2006-10 and 2013-17. Accordingly, life-expectancy
differences between low- and high-income men
rose from 9.0 years in 1996-2000 to 12.2 years in
2006-10 and then dropped to 9.8 years in 2013-17.
Similarly, stratification increased from 0.42 in 1996-
2000 to 0.54 in 2006—-10 and then dropped to 0.49 in
2013-17. We find that lifespan-variability differences
(measured by standard deviation differences)
increased in both 2006-10 and 2013-17.

Similar to the findings for men, a less pronounced
hump in deaths at around retirement age also
emerged for low-income women. From 1996-2000
to 2006-10, the life-expectancy difference increased
from 4.5 to 6.1 years, and stratification increased
from 0.24 to 0.29. In 2013-17, low-income women
caught up with their high-income counterparts in
the proportion of deaths occurring at ages above
90. However, a large number of low-income
women were still dying at relatively younger ages.
It seems that among low-income women, the
improvement at older ages more than compensated
for the apparent stagnation at younger ages,
leading to a counter-intuitive result: life-expectancy
difference between the two income groups
decreased to 4.2, while stratification increased to
0.31. Similar to the results for men, we find that life-
span-variability differences increased in both 2006
10 and 2013-17.
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Trends in life expectancy and lifespan
variability by income

How did life expectancy and lifespan variability in
Finland evolve for each income group? Before
turning to our analysis of lifespan stratification, we
investigate the two most commonly used health indi-
cators. Figure 4 presents the trends in life expectancy
at age 25 and lifespan variability, by income quintile
and sex from 1996 to 2017. As expected, there was a
persistent income gradient in life expectancy for
both men and women; the differences were larger
among men than women. At the beginning of our
study, life expectancy for men aged 25 ranged
between 43.6 and 51.8 years for different income quin-
tiles, whereas life expectancy for women aged 25
hovered between 53.3 and 57.5 years. Over the years,
life expectancy increased for both sexes in all five
income groups, with slight fluctuations in certain
years. By 2017, life expectancy had risen to 48.2-57.9
years for men and to 57.3-60.9 years for women.

We find that those groups with higher life expect-
ancy tended to display lower lifespan variability.
Women showed lower lifespan variability than
men, and higher income groups showed lower life-
span variability than lower income groups.
However, unlike life expectancy trends, lifespan
variability trends diverged across different income
groups, especially for women. Lifespan variability
decreased for the top four income quintiles, but
increased for the lowest quintile.

Trends in lifespan stratification and in life-
expectancy and lifespan-variability differences

We proceed by displaying in Figure 5 the trends in
lifespan stratification and in the other two measures
of differences between the lowest and the highest
income quintiles, respectively. The overall lifespan
stratification across all five quintile groups shows
very similar trends to the one we present here (see
Figure A2 in the supplementary material). Figure 5
(a) shows that lifespan stratification between the
richest and the poorest 20 per cent (for convenience,
hereafter referred to as ‘lifespan stratification’)
increased from 1996 to 2017 for both men and
women. Lifespan stratification among men increased
from 0.39 in 1996 to 0.55 in 2007 and then decreased
to 0.50 in 2017, while lifespan stratification among
women increased by 36 per cent, from 0.24 in 1996
to 0.33 in 2017. In more recent years, stratification
continued to increase for women, whereas it
decreased slightly for men.

Figure 5(b) indicates that for both men and
women, life-expectancy differences increased over
the first decade but decreased between 2008 and
2017, and life expectancy ratios generally show the
same pattern (see Figure A3 in the supplementary
material). The trends for men and women are
highly consistent, except that the life-expectancy
differences for women fell to a lower level in 2017
(4.0 years) than their initial level in 1996 (4.2
years). For both lifespan stratification and
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life-expectancy difference, we find that men showed
larger values than women. Comparing trends in life-
expectancy difference with trends in lifespan stratifi-
cation, we observe that the two trends were similar
for men but also, interestingly, that the trends were
different for women in the most recent years: their
life-expectancy difference dropped, whereas their
lifespan stratification continued to rise.

From Figure 5(c), we find that the absolute differ-
ences in lifespan variability increased consistently
over the whole period for both men and women.
The trends in relative difference in lifespan variabil-
ity are very similar (see ratios in Figure A4, sup-
plementary material). Yet in contrast to findings in
Figure 5(a) and (b), which show that the differences
in the indicator remained more or less at the same
level for men and women, in Figure 5(c) we see a
convergence in lifespan-variability difference for
men and women. Whereas lifespan-variability differ-
ences were much larger for men than for women in
the earlier years, this gap had almost disappeared
by 2017, especially for lifespan variability ratios
(Figure A4, supplementary material).

To determine how different age groups contribu-
ted to the divergent trends we observe, we can
either conduct a decomposition analysis or simply
inspect the age-at-death distributions at different
periods. Looking back at Figure 3, we note that for

the low income group, faster mortality improve-
ments at more advanced ages raised life expectancy
and compensated for the lack of improvements at
younger ages. However, the excessive deaths at
pre-retirement ages (the hump) among the low
income group increased their lifespan variability as
well as the lifespan stratification.

How was lifespan stratification associated with
life-expectancy and lifespan-variability differences?
Figure 6 shows these associations using all pairwise
comparisons between each two income quintiles
(for each year, there are 10 different pairs of five
income groups for both men and women). Life-
expectancy and lifespan-variability differences were
strongly associated with lifespan stratification for
men; however, the associations were much weaker
for women. Put differently, for women, there was a
large range in lifespan stratification, given the same
levels of life-expectancy or lifespan-variability differ-
ences. Among women, lifespan stratification was
more closely correlated with the lifespan-variability
differences than with life-expectancy differences.

Year-on-year changes

On its own, Figure 6 cannot tell us how the indices
were connected to each other over time. An
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interesting question is whether the direction of
change in lifespan stratification was consistent
with the direction of change in the life-expectancy
or lifespan-variability differences. For this reason,
Figure 7 shows the association between yearly
changes in stratification and yearly changes in
life-expectancy differences (panels (a) and (b))
and lifespan-variability differences (panels (c)
and (d)), using all of the pairwise comparisons, as
in Figure 6. Panels (a) and (b) show that changes
in stratification were more consistent with
changes in life-expectancy differences for men (r
=0.85) than for women (r = 0.35). For men, both
these changes simultaneously increased 52 per
cent of the time and simultaneously decreased 34
per cent of the time. An increase in stratification
coupled with a decrease in life-expectancy differ-
ences occurred only 8 per cent of the time
(upper-left quadrant) and the other way around
just 6 per cent of the time. For women, desirable
changes (i.e. decreases in both indicators, lower-
left quadrant) occurred 28 per cent of the time,
while increases in both indicators occurred 39 per
cent of the time. It is notable that around 20 per
cent of the time, lifespan stratification increased
while life-expectancy  differences decreased
(upper-left quadrant). Interestingly, changes in life-
span-variability difference (panels (c) and (d))
were not associated with changes in lifespan strati-
fication for men (r = —0.01), and the association
for women was weak (r = 0.22).

Discussion

In this paper, we introduced the concept of lifespan
stratification and demonstrated how to measure it.
The non-overlap index reflects the extent to which
individuals’ lifespans are stratified by their social
characteristics, and it also captures the distance
between two lifespan distributions. Monitoring
stratification can uncover between-group differences
that go wunnoticed in the two conventional
approaches—comparing life expectancy or lifespan
variability—and can help to link these two lines of
research. Our empirical application to Finland
showed that income has come to play an increasingly
important role in the stratification of lifespan in
Finland, while life-expectancy differences have
decreased in recent years.

Our contribution is mainly methodological. From a
mathematical perspective, the vast majority of
research on between-group mortality differences
has focused almost exclusively on only two
moments of distributions: mean and variance.
Measuring distributional differences is conceptually
different from comparing central tendency measures
or lifespan variabilities. We could argue that because
of the strong regularity of the age pattern of mor-
tality, knowing the life-expectancy difference can
inform the overall distributional distance. This is
only partly true. Given two life expectancies, the
range of stratification is relatively predictable.
However, how they change over time is much less
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points overlap. S refers to lifespan stratification; e,s refers to life expectancy at age 25; SD,5 refers to the standard deviation

at age 25; Corr. is the Pearson correlation coefficient.
Source: As for Figure 3.

so. It is possible for distributional distance to diverge
when life expectancies converge. This point was
clearly illustrated by our empirical examples (see
Figure 3(d) and (f), and the upper-left quadrants in
Figure 7(a)—(b)). Further, although showing similar
trends, lifespan-variability difference is conceptually
different from our distributional approach, because
comparing lifespan variability does not take the
location of the distributions into account. As the dis-
tance and stratification depend on the life expectancy
and lifespan variability of two distributions, our
approach links these two lines of research nicely.
Lastly, many regression-based inequality indices,
such as the relative index of inequality (Regidor
2004), can only be applied to ordinal independent
variables. Thus, our index is of particular use when
the stratifier is not ordinal, for example in the case
of marital status or region, variables which are of
great interest in health inequality research.

Thus far, only a few previous studies have taken
the approach of measuring distributional dissimilar-
ity, using the KLD (Edwards and Tuljapurkar 2005;
d’Albis et al. 2014; Sasson 2016), which is asym-
metric and less easy to interpret. The non-overlap
index has several advantages. First, as a distance
metric, it has a simple graphical representation and
interpretation: the more overlap between two life-
span distributions, the smaller the distance. Second,
it reflects the sociological concept of social stratifica-
tion, which focuses on the process of clear bound-
aries forming between social strata in a society. The
majority of prior stratification research that empha-
sizes the geometric distance between two distri-
butions has focused on the distributions of
economic outcomes (e.g. Yitzhaki and Lerman
1991; Zhou and Wodtke 2019). To date, little is
known about how lifespan distributions are
stratified.



12 Jiaxin Shi et al.

(a) Changes in S and e,s difference, men
0.10

w 8% | 529

Corr. =0.85

-1.5 -1.0 -05 00 05 10 L5
Change in eys difference

n 2% ."’.“ o
£000- — — - - ...:_‘zkwr I
g . {j.;" pE e
C.o0s © e e
- 34% | 6%
-0.10 i :
I

(¢) Changes in S and SD,s difference, men
0.10 i

0.05 23% J' '.3 7%

ol
@ °. d¢. ¢ o O
.;Do,oo_ — ‘_.;-'%3:_-_ s |
j:“ .O’:‘.‘.I:l ..t. : . °
©.0.05 0 LIRS S | 5

21% 1 - 19%
-0.10 ! °
| °Corr. =—0.01
-1.0 -0.5 olo 0.5 1.0

Change in SD25 difference

Change in S

Change in S

(b) Changes in S and e,s difference, women
0.10

|
|
0.05 :
1

o
S
W

o
=
S

-5 -1.0 -05 00 05 10 15
Change in eps difference

(d) Changes in S and SD,s difference, women

0.10 i
|
0.05 :
L

0.00 = = = = = —— = WS Mo e — —
1
1
-0.05 |
1
1
-0.10 |
1

-1.0 0.5 0.0 0.5 1.0

Change in SDZS difference
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Source: As for Figure 3.

The non-overlap index for the stratification of life-
span should be included in the toolkit for future
analysis of mortality inequality, along with existing
metrics, such as differences in life expectancy, life-
span variability, YLL, cross-sectional average
length of life (CAL), and other CAL-family
measures (Brouard 1986; Guillot 2003; Canudas-
Romo and Guillot 2015; Sauerberg et al. 2020; Nepo-
muceno et al. 2022). This is because we need an array
of measures to reflect different dimensions of mor-
tality inequalities. For example, for the low income
group in our data, a mid-life mortality hump
emerged over the follow-up, while old-age mortality
declined and approached that of the high income
group. Together these trends resulted in an increas-
ing distance between the two lifespan distributions
and was captured by our index. As alcohol-related
mortality is prominent at the ages around this mor-
tality hump in the low income group (Tarkiainen
et al. 2012), we postulate that changes in alcohol con-
sumption may have played an important role in

driving the recent increase in stratification. Diver-
ging health behaviours may be explained by chan-
ging access to health-related information and
technology or important social networks (Link and
Phelan 1995; Glied and Lleras-Muney 2008;
Montgomery et al. 2020). With survey data, future
work could examine whether these factors correlate
with lifespan stratification.

A growing literature has documented widening
gaps in life expectancy between socio-economic
groups in high-income countries over the last few
decades (e.g. Meara et al. 2008; Brgnnum-Hansen
and Baadsgaard 2012; Tarkiainen et al. 2012;
Chetty et al. 2016; Sasson 2016; Permanyer et al.
2018; Sasson and Hayward 2019). Our empirical
example showed that for the Finnish population,
income-group differences in life expectancy
increased over the period 1996-2008 and then
decreased during 2008-2017. Yet average lifespans
do not tell the whole story. First, stratification
increased even during periods in which life-



expectancy differences remained stable or
decreased, particularly for women. The correlations
between yearly changes in lifespan stratification
and yearly changes in the other two measures were
weak, indicating that life expectancy comparisons
did not fully capture the developments in mortality
inequalities that occurred during the last decade.
Second, although the trends in lifespan-variability
differences and stratification were similar for men
and women, lifespan-variability differences by
income level were approximately the same for men
and women in recent years, whereas lifespan stratifi-
cation was noticeably higher for men than for
women. Sex differences in the stratification of life-
span by income were relatively stable over time, a
pattern similar to the results for life-expectancy
differences. Further decomposition between men
and women (Figure AS, supplementary material)
showed that temporal mortality changes at older
ages accounted for much of the convergence in life-
span-variability differences, whereas they played a
much less important role in driving the sex differ-
ences in the other two indices.

Previous work has shown that the ages and causes
of death that drive differences in population-level
life expectancy in high-income countries are not
the same as those that drive differences in popu-
lation-level lifespan variability (Seligman et al.
2016). Lifespan variability is generally more sensi-
tive to mortality change at younger ages than life
expectancy (van Raalte and Caswell 2013). In con-
temporary low-mortality settings, mortality change
at young adult ages is particularly important in
driving trends in lifespan variability (van Raalte
et al. 2014; Aburto et al. 2020), whereas life expect-
ancy trends tend to be driven by mortality change
at ages where the death density is higher, that is,
older ages (Vaupel 1986; Rau et al. 2018). Yet,
little is known about the age patterns that drive
trends in mortality disparities between socio-econ-
omic groups. We conducted supplementary analyses
to disentangle the total change in the three metrics
between the lowest and highest income groups
from the first to the last of the five-year periods
(i.e. the same periods that we showed in Figure 3;
results can be found in Figure A6, supplementary
material) into age-specific components. These ana-
lyses indicated that the age patterns are distinct in
the three metrics. The overall age pattern of stratifi-
cation is more similar to that of life-expectancy
differences, but is more concentrated in ages 50-74.
Older ages are much more important in driving the
trends in lifespan-variability differences than in the
other two metrics.
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The most prominent causes of death for ages 50—
74 are circulatory system diseases and neoplasms
(GBD 2016 Causes of Death Collaborators 2017).
Alcohol-related causes may also play an important
role, especially at pre-retirement ages. Indeed,
much of the stagnation in life expectancy in the
lowest income quintile during the 2000s and the sub-
sequent increase in 2010s was attributable to changes
in alcohol-related mortality at pre-retirement ages
(Tarkiainen et al. 2012, 2017). Thus, one policy impli-
cation is that efforts should be made to reduce
alcohol- and smoking-related deaths among low-
income individuals in the middle and early old age
groups (Martikainen et al. 2014; Tarkiainen et al.
2012, 2017). Reducing such deaths would not only
increase life expectancy and reduce lifespan variabil-
ity for the low-SES group but would also lead to a
declining trend in lifespan stratification. However,
the roles of alcohol consumption and smoking in
contributing to life-expectancy differences by
income vary by country. Their relevance is particu-
larly strong in Finland (Ostergren et al. 2019); thus,
policies tackling them are particularly called for.

When lifespan is highly stratified in a society, dis-
advantaged individuals are not only more likely to
die earlier, but they also tend to experience more
premature deaths among members of their social
and kinship networks over their life course (Daw
et al. 2016; Umberson et al. 2017). This becomes
more important at older ages, when lower-SES indi-
viduals have fewer strong ties. Research has shown
that bereavement and lack of social support are criti-
cal determinants of poor health and mortality
(Cohen and McKay 1984; Berkman 1995; Unger
et al. 1999; Kawachi and Berkman 2001; Stroebe
et al. 2007; Holt-Lunstad et al. 2015), and such mor-
tality burden is heavier in the lower socio-economic
strata (Martikainen and Valkonen 1998), further
contributing to lifespan stratification. In addition,
there are sex differences in the effects of bereave-
ment on health and mortality; men are at greater
risk of dying than women after experiencing
spousal death (Stroebe et al. 2007). This may partly
explain the higher lifespan stratification among
men than women.

Growing stratification of lifespan can also have
negative societal consequences. It calls into question
the efficacy of social systems in reducing health
inequalities. Even in the absence of empirical data,
we might reasonably speculate that when lifespan
stratification increases, this can cause stress among
individuals who belong to higher-mortality strata.
Like other types of social stratification, growing life-
span stratification may trigger social unrest and



14 Jiaxin Shi et al.

chaos. While the increasing divergence in health
behaviours may be an important explanation,
designing better social policies to tackle mortality
inequalities has considerable merit.

Finally, increasing stratification of lifespan has
further implications. It means that policies targeting
people uniformly across SES and age groups are
increasingly consequential. For instance, universal
state pension ages in many countries are increasingly
unfair for people in higher-mortality strata, as indi-
viduals from this group will spend less time in retire-
ment (Shi et al. 2022) and benefit less from the
pension system (Shi and Kolk Forthcoming).
However, such inequalities within a population are
difficult to detect when only life expectancies are
compared. Even pegging retirement age to group-
specific remaining life expectancies, a touted sol-
ution for reducing pension inequalities (see discus-
sion in Alvarez et al. 2021), might not be
appropriate in highly stratified settings where there
are large differences in survival up to such an age.

There are potential extensions to our research.
First, recent work has developed estimation
methods for significance tests for the non-overlap
index (Rahman et al. 2014; Chung et al. 2019).
Future research could examine the utility of these
tests when applying the index. Second, a large
number of distance and divergence measures have
been extensively used in other disciplines (Deza
and Deza 2009). Some of these might also be good
candidates for measuring lifespan stratification. It
is unclear if other measures will lead to similar pat-
terns. Third, we used a period perspective in our
empirical example, so the results pertained to
hypothetical cohorts who experienced the age-
specific mortality rates of a given year. The stratifica-
tion index itself is not a period measure; hence,
future work could examine lifespan stratification
from a cohort perspective. Researchers may also
extend this work to analyse stratification of trun-
cated lifespan distributions or to incorporate a per-
spective of multiple cohort experiences, similar to
the work by Canudas-Romo and Guillot (2015).

Conclusion

Life expectancy trends demonstrate that on average,
living a long life is increasingly becoming the domain
of the rich and privileged. The rising stratification of
lifespans is perhaps an even clearer indication of
growing mortality inequalities than traditional indi-
cators, such as life-expectancy or lifespan-variability
differences. This is because despite diverging life

expectancies, a substantial proportion of the disad-
vantaged groups could nevertheless be experiencing
tremendous progress in longevity on a par with that
of the most advantaged groups. Our approach takes
the divergence in the full age-at-death distribution
into account and gives a clearer signal that social
groups are effectively experiencing different survival
ages. To the extent that individuals surround them-
selves with others of a similar income level, the
poor will enjoy fewer connections to healthy and
long-lived adults, while the wealthy will experience
less premature death within their immediate social
networks. For these reasons, we argue that policy-
makers should be monitoring the stratification of
lifespan alongside other mortality indicators.
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