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English summary

Life expectancy is one of the most used indicators to summarize population health. How-

ever, as an indicator of average mortality, life expectancy masks substantial heterogeneity

in ages at death. This heterogeneity is known as lifespan equality. Lifespan equality

matters because it expresses the uncertainty around age at death for individuals, and

inequality in population health at the macro level. Empirical research has shown that life

expectancy at birth and lifespan equality are positively related. An important research

priority is to understand why life expectancy and lifespan equality have been related over

the last two centuries, whether there are exceptions to this relationship, and whether this

relationship will continue to hold in the future. This thesis presents seven studies aimed at

further understanding the relationship between life expectancy and lifespan equality. The

studies are in the form of research manuscripts and have been published in top tier scien-

tific journals. The first and second studies show how patterns of change in life expectancy

and lifespan equality can be described by weighted age-specific trajectories of mortality

improvements over time. The strength of the relationship between life expectancy and

lifespan equality is not coincidental but rather a result of progress in saving lives at spe-

cific ages: the more lives saved at the youngest ages below a clear threshold age, which is

close but above life expectancy, the stronger the relationship is. The rest of the studies

focus on the relationship between life expectancy and lifespan equality in periods when

life expectancy is not improving. Specifically, the cases of Denmark, Central and Eastern

European countries, and Latin American countries with a focus on Mexico and Venezuela

were analyzed. In most of these cases life expectancy and lifespan equality moved inde-

pendently of each other, particularly during periods of life expectancy stagnation caused

by uneven age-specific mortality change. Changes in lifespan equality were largely caused

by changes in midlife mortality, with different causes of death and net effects depending

on the country and period.
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Danish summary

Middellevetid er et af de mest anvendte mål til at opsummere en befolknings helbred.

Middellevetiden beregnes som den gennemsnitlig dødelighed, og skjulerheterogenitet i

forhold til en persons alder p̊a tidspunktet for døden. Denne heterogenitet betegnes

som lifespan equality (lighed i livslængder), hvilket er et vigtig mål, fordi det opfanger

usikkerheden omkring dødstidspunktet for enkeltpersoner samt uligheden i befolkningens

sundhedstilstand p̊a makroniveau. Empirisk forskning har vist, at der er en positiv kor-

relation mellem middellevetiden og lifespan equality. Det er vigtigt at undersøge denne

sammenhæng mellem middellevetiden og lifespan equality, om den har været konstant

over de seneste to århundreder samt om vi kan forvente at dette forhold forbliver i fremti-

den. Denne afhandling best̊ar af syv studier med formålet at undersøge forholdet mellem

middellevetid og lifespan equality. Studierne præsenteres som forskningsmanuskripter,

der er blevet publiceret i videnskabelige tidsskrifter med høj impact faktor. Det første og

andet studie demonstrerer, hvorledes forandringer i middellevetid og lifespan equality kan

beskrives ved vægtede aldersspecifikke kurver over forandringer i dødeligheden over tid.

En stærk association mellem middellevetid og lifespan equality opst̊ar ikke tilfældigt, men

stammer fra forbedringer i dødelighed ved bestemte alderstrin: jo færre dødsfald i yngre

aldersgrupper under en bestem alder (som ligger tæt p̊a men dog over middellevetiden),

desto stærkere er association mellem de to faktorer. De resterende studier omhandler

forholdet mellem middellevetid og lifespan equality p̊a tidspunkter, hvor middellevetiden

ikke steg. Dette er undersøgt med eksempler fra Danmark, midt- og østeuropæiske lande

samt i Latinamerika, særligt Mexico og Venezuela. I de fleste undersøgte eksempler foran-

drede middellevetid og lifespan equality sig uafhængigt af hinanden. Dette observeredes

særligt tydelige i perioder, hvor middelleveltiden forblev konstant (pga. uens forandringer

i de aldersspecifikke dødelighedsrater). Ændringer i lifespan equality for̊arsagedes hov-

edsagelige af ændringer i dødeligheden midtvejs i livet, hvilket opstod pga. forskellige

døds̊arsager og andre effekter afhængig af hvilket land og periode som blev undersøgt.
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Introduction

Life expectancy at birth is one of the most used indicators to summarize population health.

It expresses the average lifetime a hypothetical cohort of newborns are expected to live

given the current death rates in a population (Preston et al., 2001). Most countries have

experienced a significant and consistent increase in life expectancy in the last two centuries

(Riley, 2001). This progress in longevity is one of the most remarkable achievements

of modern societies: The highest recorded life expectancy since 1840 has risen linearly

from values below 50 to contemporary Japanese women, who have an average lifespan

of 87 years (Oeppen and Vaupel, 2002; Human Mortality Database, 2019). Gains in life

expectancy in early years came about from declines in infancy and childhood mortality,

while more recent gains have resulted from declines in mortality over middle and older

adult ages (Vallin and Meslé, 2009). This redistribution of mortality over ages is in line

with the influential epidemiological transition theory which described the transformations

in the age and diseases profile of mortality (Omran, 1971).

This progress, however, has not been shared evenly across the world’s nations, and it is

not reflected when using different indicators of longevity. For example, while high-income

countries have historically had higher longevity, other countries, mostly concentrated in

the global south, such as Latin America, have lagged behind substantially (Alvarez et al.,

2019; Murray et al., 1996; Mackenbach et al., 2019). Similarly, while life expectancy and

the median age at death showed similar patterns throughout the last two centuries, the

modal age at death stagnated up until the second half of the twentieth century when it

reached a level at around age 80, to continue increasing at a similar pace to life expectancy

thereafter (Canudas-Romo, 2010).

National trends in life expectancy are important and have been extensively studied

around the world. Nonetheless, they conceal variation in ages at death, a fundamental

dimension in population health referred to as lifespan equality or lifespan inequality. Lifes-

pan inequality has been described as the most fundamental of all inequalities, and as the

only inequality that is not conditional on being alive (van Raalte et al., 2018). Lifespan

equality matters because it expresses uncertainty around life at the individual level, and
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it underlies heterogeneity in health at the population level. The study of lifespan equal-

ity, therefore, holds potential for significant policy and health implications for societies.

For individuals, lifespan equality is important because uncertainty around life influences

decisions, such as changing lifestyle behaviors (Brown, 2001; Nettle, 2010; Dormont et al.,

2018). The focus of this thesis is on supplementing life expectancy, an indicator of aver-

age mortality levels, with variation in ages at death, measured by indicators of lifespan

equality, and on understanding their relationship over time and under different conditions

and in different contexts.

1 Previous research on lifespan equality

While life expectancy has been extensively studied, lifespan equality has received much

less attention in aging research. It is only in recent years that demographers have taken

an interest in measuring variation in length of life. Therefore, studying lifespan equality

alongside life expectancy is an imperative step towards a more comprehensive understand-

ing of longevity.

1.1 Long-term patterns of life expectancy and lifespan equality

Empirically, it has been observed that rising life expectancy has been accompanied by

increasing lifespan equality (see Fig. 1) (Wilmoth and Horiuchi, 1999; Shkolnikov et al.,

2003; Edwards and Tuljapurkar, 2005; Smits and Monden, 2009; Vaupel et al., 2011;

Colchero et al., 2016). How strong this association is varies across studies, partly be-

cause of the data and indicator used to measure variation in ages at death (Németh,

2017). However, in most research, the basic finding of a strong correlation between life

expectancy and lifespan equality is supported. These findings suggest that high levels of

average length of life should correspond to high levels of lifespan equality. Vaupel et al.

(2011) found that the most successful countries in averting premature deaths were those

enjoying the highest life expectancy and the lowest variation in ages at death since the

second half of the nineteenth century. These results underscored the importance of re-

ducing early-age mortality to achieve higher life expectancy and lower variation. Such

results challenged the assertions made by Smits and Monden (2009), whom argued that

2



Figure 1: Life expectancy and lifespan equality. Lifespan equality measured by
log-inverse of the lifetable entropy h with data from Human Mortality Database.
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to reach both goals might require separate public health interventions. More recently,

the relationship between life expectancy and lifespan equality has also been studied from

the perspective of a descriptive evolutionary framework based on high quality data for

humans and exceptional data on primates (Colchero et al., 2016). The authors showed an

astoundingly tight relationship between life expectancy and lifespan equality for nonhu-

man primate populations and over human history; the relationship was much tighter than

relationships found in the earlier studies discussed above. An important research priority

is to determine why the relationship between life expectancy and lifespan equality is so

much tighter than relationships found in earlier studies.

1.2 Exceptions to the rise in life expectancy and lifespan equal-

ity

Most studies on long-term patterns have focused on periods when life expectancy has been

continuously increasing. However, upon closer look with different datasets and indicators,
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it has become apparent that the relationship between life expectancy and lifespan equal-

ity is more complex. The USA, for example, has high inequality in lifespans compared

with other high income countries (Shkolnikov et al., 2011). Scotland reached similar lev-

els of life expectancy with 10% higher lifespan inequality than England and Wales since

1980 (Seaman et al., 2016). Importantly, socioeconomic factors play an important role

in explaining these differences. For example, among Finnish, Danish, Spanish, and USA

individuals from lower educational levels and lower income groups, lifespan equality de-

creased together with increasing life expectancy (Brønnum-Hansen and Baadsgaard, 2012;

Sasson, 2016; Brønnum-Hansen, 2017; van Raalte et al., 2018; Permanyer et al., 2018).

These results argue for a more thorough study of the relationship between life expectancy

and lifespan equality.

Shkolnikov et al. (2011) included the cause-of-death dimension in lifespan equality

studies. They found that an excess of lung cancer and heart disease mortality at ages

under 70 contributed to the atypical lack of mortality compression in the United States.

Similarly, Denmark experienced an unexpected trend in life expectancy. While in the

1950s Denmark was among the top positions in life expectancy, through the 1980s life

expectancy stagnated, mostly for women (Lindahl-Jacobsen et al., 2016). Such stagnation

coincides with the slowing progress in reducing differentials in lifespans (Christensen et al.,

2009), suggesting that both stagnation and the slowing progress in increasing lifespan

equality could have been caused by a shift in health behaviors over cohorts. Likewise,

Nau and Firebaugh (2012) analyzed the difference in lifespan equality between the United

States and Sweden. They found that heart diseases played a central role in explaining

uncertainty within these countries and between them. However, the authors also found

that the leading causes of death are not necessarily the leading contributors to population

differences in lifespan equality. Seligman et al. (2016) and Janssen et al. (2015) arrived to

a similar conclusion. They found that causes of death that led to increasing equality in

lifespans are different from those that led to higher life expectancy among the G7 countries

after 1950. Specifically, the authors stated that while control of cardiovascular diseases

increases the average length of life, medical interventions to reduce infant mortality led

to greater lifespan equality (Seligman et al., 2016).
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A substantial part of this thesis concentrates on the relationship between life ex-

pectancy and lifespan equality, and on which causes of death explain their behavior, in

periods during which mortality has not been continuously decreasing.

1.3 Measuring lifespan equality

How lifespan equality is measured over time, and how it relates to changes in life ex-

pectancy are major questions that have triggered considerable scientific interest. Lifes-

pan inequality can be measured using various indicators (Leser, 1955; Keyfitz, 1977;

Demetrius, 1979; Hanada, 1983; Vaupel and Canudas-Romo, 2003). Some of these in-

dicators, such as the variance or standard deviation of the age-at-death distribution,

measure absolute inequality in lifespans; others like the lifetable entropy or the Gini co-

efficient measure relative inequality in lifespans (van Raalte and Caswell, 2013; Wrycza

et al., 2015a). Relative indicators of lifespan equality do not depend on time. Therefore,

they are able to capture the age pattern of mortality time standardized and how sharply

mortality increases (Baudisch, 2011). Although research has begun on the interpretation

and the properties of some of these indicators, their behavior over time and age are not

fully understood. Methods to understand these mechanisms, combined with social and

health theories, are critically important when studying long term patterns of lifespan

equality and their relationship with life expectancy.

Including the age dimension into the analysis of lifespan equality is important to

understand its behavior. Empirical evidence suggests that there exists a unique age below

which saving lives compresses mortality into a smaller age range (i.e. increases lifespan

equality) and saving lives above that age increases dispersion in lifespans. The balance

of these two components determines whether populations increase or decrease lifespan

equality. The existence of this age has only been analytically proven for two indicators:

the variance in ages at death (Gillespie et al., 2014) and years of life lost (Zhang and

Vaupel, 2009). Moreover, Myers and Manton (1984) found that if the complete age range

is considered, lifespan inequality as measured by the standard deviation has a negative

correlation with life expectancy; while the correlation is positive when focusing on ages

above 60 years. Following this line of research, Engelman et al. (2010) found expansion

of mortality among survivors to older ages, while compression of mortality remained if
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the full distribution of ages at death was considered among developed countries. Such

results led the authors to challenge the variability levels predicted under the compression

hypothesis proposed by Fries (2003). Likewise, Gillespie et al. (2014) found that mortality

changes varied the most for men at young working ages, particularly after the Second

World War. If improvements in mortality at young ages continue to stagnate, in parallel

with progress in averting deaths at older ages, then decreases in lifespan equality could be

anticipated in aging populations. This thesis contributes substantially to methodological

developments in understanding the behavior of life expectancy and lifespan equality over

time.

2 Research Objectives

The fundamental aim of this thesis is to understand the mechanisms of mortality changes

that drive the dynamics of life expectancy and lifespan equality. Specifically, I set out to

answer the following questions:

1. Why is the relationship between life expectancy and lifespan equality so tight?

2. How does the relationship between life expectancy and lifespan equality change in

periods when mortality is not improving continuously?

3. What are the ages and causes of death underpinning changes in life expectancy and

lifespan equality over time?

3 Data sources

The studies in this thesis are based on several data sources. The main database for

papers [1-4] (Aburto et al., 2019b,a, 2018b; Aburto and van Raalte, 2018) is the Human

Mortality Database (2019). This database contains comparable information on population

estimates, deaths and lifetable’s measures (e.g. deaths distribution, survival function) by

single year of age and sex for 49 countries and regions. Such information is publicly

available and, for some countries, it is available since the second half of the eighteenth

century. Papers 3 and 4 are supplemented with information on causes of death from World
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Health Organization (2019) and the Human Cause-of-Death Database (2019), respectively.

We used these data to obtain the cause-specific proportion by five-year age groups. This

procedure effectively eliminated ruptures associated with revisions of the International

Classifications of Disease (ICD) and substantially reduced cross-country comparability

problems owing to different coding practices, particularly from the use of ill-defined and

unknown causes.

Papers [5-7] rely on various data sources. Paper [5] (Aburto and Beltrán-Sánchez,

2019) uses data on deaths from vital statistics files available from the Mexican Institute

of Statistics that includes information on causes of death by age, sex and place of oc-

currence from 1995 to 2015 (Mexican Institute of Statistics (INEGI), 2019). Population

estimates came from the Mexican Population Council which are corrected for complete-

ness, age misstatement, and international migration for the Mexican population (Mexican

Population Council (CONAPO), 2019). I previously had experience with these data and

they have been thoroughly described elsewhere (Aburto et al., 2016, 2018a). Paper [6]

(Garćıa and Aburto, 2019) took up the challenge of dealing with insufficient data qual-

ity and coverage. During the 20th century, Venezuela’s vital statistics system was more

robust than those of most Latin American countries. However, the government’s recent

policy of strict secrecy has made it difficult to access data, and thus to assess mortality

trends. Paper [6] contributes to the existing literature on Latin American mortality by

overcoming those limitations and producing robust estimations of life expectancy, lifespan

inequality and violence-related deaths by using established powerful methodologies to ad-

just for under-registration during the period of our analysis. For further details see Paper

[6] in this thesis. Finally, Paper [7] (Canudas-Romo and Aburto, 2019) uses data from

the United Nations population prospects for 23 Latin American & Caribbean countries

(United Nations, 2019). This information was supplemented with data from the World

Health Organization (2019) on causes of death and adjusted with data from the United

Nations Office on Drugs and Crime (2019) on homicides counts.
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4 Methods

4.1 Choice of lifespan equality indicator

Selecting the best measure when carrying out comparative aging research among popu-

lations that differ in length of life is of great importance since the indicators vary from

each other in formal properties and in the degree of their sensitivity to variability (van

Raalte and Caswell, 2013). Edwards and Tuljapurkar (2005) use the standard deviation

of age at death for ages 10 and above (S10); Vaupel et al. (2011) and Brønnum-Hansen

(2017) use the average number of years lost due to death (e†). Other authors have chosen

measures of relative inequality, such as the Gini coefficient or Theil index of inequality

(Shkolnikov et al., 2003; Smits and Monden, 2009; Permanyer and Scholl, 2019).

Papers [1-3] rely on concepts from the Pace & Shape framework to select measures that

allow comparisons between different populations (Baudisch, 2011; Wrycza and Baudisch,

2014; Wrycza et al., 2015b). Pace captures time scale and is typically represented by life

expectancy; while shape expresses the scale-free pattern of death. One of the advantages

of this framework is that shape not only classifies the degree of aging, it is also an indicator

of lifespan equality. In addition, shape measures have certain properties that are desirable

when comparing different species. For example, they do not depend on time and allow

comparisons between mortality curves that differ on time units, and they can distinguish

aging from negative aging (Wrycza et al., 2015b). Specifically, to measure lifespan equality

in paper [1] (Aburto et al., 2019b) I use variants of the lifetable entropy (Keyfitz, 1977),

the Gini coefficient (Shkolnikov et al., 2003) and the coefficient of variation. Papers [2-3]

focus on the lifetable entropy and the coefficient of variation respectively (Aburto et al.,

2019a, 2018b).

Papers [4-6] use indicators of absolute lifespan inequality. Papers [4-5] rely on “years

of life lost” (e†) as a dispersion indicator. It is defined as the average remaining life

expectancy at death, or life years lost because of death (Vaupel and Canudas-Romo,

2003). For example, if a cohort of newborns all die at the same age, then the value of

lifespan inequality is zero; to the extent that death occurs at different ages, those who

die “prematurely” will contribute years to lifespan inequality. Paper [5] uses the standard

deviation of the age-at-death distribution. These indicators are easy to understand, to
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interpret, and to decompose, thereby allowing us to quantify the impact of age- and

cause-specific mortality on changes in lifespan inequality over time. The high correlation

between measures of lifespan inequality from early ages suggests that our main results

would be consistent with those obtained with alternative indicators of dispersion (Colchero

et al., 2016).

4.2 Contributions to mathematical demography

A substantial contribution of this thesis is methodological. The main contribution of

papers [1-2] is that they use mathematical demography to relate changes in both life

expectancy and lifespan equality to the average pace and age-specific paces of improvement

of mortality. Therefore, we are able to describe specific properties of lifespan equality

and life expectancy simultaneously. Paper [2] further contributes by providing a formal

expression for changes of the lifetable entropy over time and a formal proof of the existence

of a unique threshold age that separates reductions and increases in the lifetable entropy as

a result of age-specific mortality improvements (Aburto et al., 2019a). Below, I illustrate

the main contribution of papers [1-2] by providing a compact version of the development

for the lifetable entropy. For more details and other indicators see papers [1-2].

Based on influential research, it is known that changes over time in life expectancy are

a weighted total of rates of progress in reducing mortality (Vaupel and Canudas-Romo,

2003). Let `(x, t) be the period lifetable probability at time t of surviving from birth to

age x. Life expectancy is defined as

eo(t) =

∫ ∞

0

`(x, t) dx .

Because `(x, t) = exp
[
−
∫ x

0
µ(a, t) da

]
, where µ(a, t) is the force of morality (hazard rate)

at age a at time t, changes over time in eo(t) are given by

ėo :=
∂

∂t
eo(t) =

∫ ∞

0

∂

∂t
`(x, t) dx = −

∫ ∞

0

∂

∂t
µ(x, t)

∫ ∞

x

`(a, t) da dx. (1)

A dot over a function denotes its partial derivative with respect to time. For simplicity,

variable t will be omitted as an argument in the following.
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We define

ρ(x) = − µ̇(x)

µ(x)
and e(x) =

1

`(x)

∫ ∞

x

`(a) da ,

as the age-specific rate of mortality improvement over time and the remaining life ex-

pectancy at age x, respectively. Then, (1) can be expressed in terms of these two functions

as

ėo =

∫ ∞

0

ρ(x)µ(x) `(x) e(x) dx =

∫ ∞

0

ρ(x)w(x) dx . (2)

Equation (2) shows that changes over time in life expectancy at birth are a weighted total

of rates of progress in reducing mortality, with weights given by the function w(x) =

µ(x) `(x) e(x). Following a similar procedure, I next describe analytically the changes

over time in lifespan equality measured by h as in paper [1].

A variant of the lifetable entropy: h

A measure of lifespan inequality is the lifetable entropyH (Leser, 1955; Keyfitz, 1977),

usually defined as

H = −
∫∞
0
`(x) ln `(x) da∫∞
0
`(x) dx

=
e†

eo
, (3)

where e† = −
∫∞
0
`(x) ln `(x) dx accounts for the life disparity (Vaupel and Canudas-

Romo, 2003).

This definition of entropy provides a dimensionless indicator of the relative variation

in the length of life compared to life expectancy, allowing for comparison of populations

with different age-at-death distributions (Wrycza et al., 2015a). An alternative measure

toH is

h = − lnH = ln e0 − ln e† , (4)

which has already been used to study lifespan equality (Colchero et al., 2016). Note that

H is an indicator of lifespan inequality, given that higher values represent more variation

in lifespans. On the contrary, its inverse and h (the logarithm of the inverse) are measures

of lifespan equality.
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From (4), the variation over time in h is given by

ḣ =
ėo
eo

− ė†

e†
. (5)

An equivalent expression to (5) was previously derived using calculus of variations by

Fernández and Beltrán-Sánchez (2015), who found that

Ḣ /H =
ė†

e†
− ėo
eo
.

This result shows that changes over time in h are equal to minus the relative changes in

the lifetable entropyH.

Similar to (2), ḣ can be re-expressed as

ḣ =

∫ ∞

0

ρ(x)w(x)Wh(x) dx , (6)

where w(x) = µ(x) `(x) e(x) are the same weights for change over time in life expectancy,

and

Wh(x) =
1

eo
+

1

e†
(
1 −H(x) −H(x)

)
.

Function H(x) is the cumulative hazard to age x, whereasH(x) is the entropy conditioned

on surviving to age x, defined as

H(x) = −
∫∞
x
`(a)

(
H(a) −H(x)

)
da∫∞

x
`(a) da

.

Equation (6) follows immediately from the results presented in paper [2] (Aburto et al.,

2019a), where is proven that

Ḣ /H =

∫ ∞

0

ρ(x)w(x)

(
1

e†
(
H(x) +H(x) − 1

)
− 1

eo

)
dx .

This shows that changes over time in lifespan equality, measured by h, are a weighted

total of the rates of progress in reducing mortality ρ(x), with weights given by the product

w(x)Wh(x). In papers [1-2] the development of the previous equations is described with

more detail and for two additional indicators.
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4.3 Demographic methods

Life expectancy and lifespan equality were estimated from standard lifetable procedures

and demographic techniques (Preston et al., 2001). Decomposition methods are a corner-

stone of the analysis carried out in papers [3-7]. These methods allow comparisons be-

tween populations and have been widely used in demographic research (Canudas-Romo,

2003). The main methodology to analyze changes over time and quantify age-specific

(or cause-specific) contributions in life expectancy and lifespan equality is based on the

linear integral model which assumes that covariates change gradually over time (Horiuchi

et al., 2008). Specifically, this model was extended to include causes of death. Suppose

f (e.g. life expectancy or lifespan equality) is a differentiable function of n covariates

(e.g. each age-cause specific mortality rate) denoted by the vector ~A = [x1, x2, . . . , xn].

Assume that f and ~A depend on the underlying dimension t, which is time in this case,

and that we have observations available in two time points, t1 and t2. Assuming that ~A

is a differentiable function of t between t1 and t2, the difference in f between t1 and t2

can be expressed as follows:

f2 − f1 =
n∑

i=1

∫ xi(t2)

xi(t1)

∂f

∂xi
dxi =

n∑

i=1

ci, (7)

where ci is the total change in f (e.g. e†) produced by changes in the i-th covariate, xi.

The ci’s in equation (7) were computed by numerical integration following the algorithm

suggested by Horiuchi et al. (2008). Paper [7] uses the Arriaga’s standard method to

decompose a difference in life expectancy by age and causes of death (Arriaga, 1984). All

the calculations were performed using the R software.

5 Main contributions and overview of the thesis

Beyond the contribution to mathematical demography discussed above about paper [1],

this paper contributes substantially to our understanding of the relationship between life

expectancy and lifespan equality. It has been resubmitted to Proceedings of the National

Academy of Sciences (Aburto et al., 2019b) after a positive review with some constructive

suggestions. Specifically, a unifying framework to study life expectancy and lifespan

12



equality over time was developed relying on concepts about the pace and shape of aging

(Baudisch, 2011). The findings demonstrate that both changes in life expectancy and

lifespan equality are weighted totals of rates of progress in reducing mortality. The weights

evolve over time and indicate the ages at which reductions in mortality increase life

expectancy and lifespan equality: the more progress at the youngest ages, the tighter the

relationship. The weights, w(x) in equation (2), are given by the potential gain in life

expectancy by reducing deaths by 1% at a given age. Fig. 2A shows these weights for

Swedish females. It shows that in 1751 the largest potential increases in life expectancy

were concentrated in infancy. This changed dramatically after 1950. Paper [1] evaluates

the extent to which changes over time in three lifespan inequality indicators (variants

of the lifetable entropy, Gini coefficient, and coefficient of variation) are driven by rates

of mortality improvements. Fig. 2B shows these weights, w(x)Wh(x) in equation (6),

for lifespan equality measured by the log-inverse of the lifetable entropy h. Each value

represents the effect on lifespan equality of reducing mortality by one percent. Saving lives

at very young ages had the largest effect on increasing equality of lifespans throughout

the 18th and 19th century. In contemporary Sweden, the impact of reducing mortality by

1% at birth on lifespan inequality is the same as saving 1% of lives at age 80. As with life

expectancy, there is an ongoing shift towards older ages, but with an important difference.

At older ages, there is a threshold age above which saving lives increases lifespan inequality

(dashed lines). The link between life expectancy and lifespan equality is especially strong

when life expectancy is less than 70 years. In recent decades life expectancy and lifespan

equality have occasionally moved in opposite directions due to larger improvements in

mortality at older ages or a slowdown in declines in midlife mortality. Saving lives at ages

below life expectancy is, therefore, the key to increasing both life expectancy and lifespan

equality.

Paper [2] focuses on deriving analytically the threshold age below which mortality

improvements are translated into decreases in lifespan inequality measured by the lifetable

entropy (Leser, 1955; Keyfitz, 1977). The lifetable entropy is a dimensionless indicator

of the relative variation in the length of life compared to life expectancy at birth. It is
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Figure 2: Weights for Life expectancy and lifespan equality. Lifespan equality measured
by log-inverse of the lifetable entropy h with data from Human Mortality Database.
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usually defined as

H(t) = −
∫∞
0
`(a, t) ln `(a, t) da∫∞

0
`(a, t) da

=

∫ ∞

0

c(a, t)H(a, t) da =
e†(t)

eo(t)
,

where e†(t) = −
∫∞
0
`(a, t) ln `(a, t) da is the life disparity or number of life-years lost

as a result of death (Vaupel and Canudas-Romo, 2003), eo(t) =
∫∞
0
`(a, t) da is the

life expectancy at birth at time t, `(a, t) is the lifetable survival function, c(a, t) =
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`(a, t) /
∫∞
0
`(x, t) dx is the population structure, and H(a, t) =

∫ a

0
µ(x, t) dx is the cu-

mulative hazard to age a, where µ(x, t) is the force of mortality (hazard rate or risk of

death) at age x at time t. Note that the lifetable entropy H is a measure of relative lifes-

pan variation. Thus, higher values represent more variation, whereas lower values denote

less variation of lifespans. In this paper (Aburto et al., 2019a), we show that if mortality

improvements over time occur at all ages, there exists a unique threshold age aH that

separates positive from negative contributions to the lifetable entropy H resulting from

those mortality improvements. This threshold age aH is reached when

H
(
aH
)

+H
(
aH
)

= 1 +H , (8)

whereH (x) is the lifetable entropy conditioned on surviving to age x. These findings

were published in Demographic Research.

In paper [3] we present an analytical strategy based on age- and cause- decompositions

to simultaneously analyze changes in Danish life expectancy and lifespan inequality from

1960 to 2014, as well as current Swedish-Danish differences (Aburto et al., 2018b). Our

findings were published in BMC Public Health. We found that lifespan inequality stag-

nated in parallel with life expectancy, but for a shorter period between 1975 and 1990.

Underlying the stagnation in life expectancy were increases in cancer and non-infectious

respiratory mortality, partially offsetting progress in reducing infant and cardiovascular

mortality. Reductions in decreasing lifespan inequality were consistent with higher mor-

tality related to smoking behavior for Danes born between 1919 and 1939. More recently,

in the last 20 years, life expectancy and lifespan equality have increased, but they still

lag behind Swedish levels. The current differences are mostly explained by Danish higher

cancer and infant mortality.

Paper [4] was published in the field’s top journal, Demography. This paper focuses

on the relationship between life expectancy and lifespan inequality in periods of life ex-

pectancy reversals (Aburto and van Raalte, 2018). Specifically, this paper is about how

Central and Eastern Europe (CEE) have experienced considerable instability in mortality

since the 1960s (Fig. 3). Long periods of stagnating life expectancy were followed by

rapid increases in life expectancy and, in some cases, even more rapid declines, before
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more recent periods of improvement. We incorporated life disparity e† as a health indica-

tor alongside life expectancy, and examined trends since the 1960s for 12 countries from

the region. Our results showed that life disparity was high and fluctuated strongly over

the period. For nearly 30 of these years, life expectancy and life disparity varied inde-

pendently of each other, largely because mortality trends ran in opposite directions over

different ages. Mortality patterns in CEE countries were heterogeneous and ran counter

to the common patterns observed in most developed countries.

Figure 3: Rates of mortality improvements for 12 countries in Central and Eastern
Europe with data from Human Mortality Database. Source: Aburto and van Raalte

(2018)
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Papers [5-7] are interrelated and analyze disparities in life expectancy and in lifespan

inequalities in contexts where violence is increasing in Latin America. The findings were

published in American Journal of Public Health, International Journal of Epidemiology,

and BMJ Global Health. Paper [5] analyzes the context of Mexico (Aburto and Beltrán-

Sánchez, 2019). We found that ten years into the upsurge of violence, Mexico has not

been able to reduce the homicide levels to those before 2005. Life expectancy and lifespan

inequality stagnated since 2005 for young men at the national level. In some states, males

live shorter lives than in 2005, on average, and experience higher uncertainty about their

eventual age at death. Paper [6] looks at the context of Venezuela (Garćıa and Aburto,

2019). Results show that between 1996 and 2013 life expectancy stagnated and lifespan

inequality increased for males. These trends were largely explained by the increase in

homicide mortality after 1996 (see Fig. 4). While in the 1980s Venezuela was considered

a peaceful country, in the last 20 years the country has experienced an unprecedented

wave of violence that has had detrimental effects on population health, as our results

show. The rise in homicide mortality has partially offset major advances in reducing

infant mortality and tackling infectious and parasitic diseases.

Figure 4: Age and cause specific contributions to the change in male life expectancy
and lifespan inequality in Venezuela between 1996 and 2013. Source: adapted from

Garćıa and Aburto (2019).
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Homicide rates have declined in other parts of the world but remain high in Latin

America and the Caribbean (LAC). Most victims are adolescents and young adults: there

were over half a million homicides among males aged 15–29 between 2005 and 2015. Brazil

and Mexico, the countries with the largest populations, account for the highest absolute

number of homicides. In relative terms, El Salvador and Honduras had staggering rates

of 204 and 105 homicides per 100 000 males, respectively, in 2015. In contrast, Chile

and Cuba had rates of 5 and 8 homicides per 100 000 persons, respectively, in that year,

comparable to the rate of 8 per 100 000 persons in the USA. In paper [7] we analyzed the

effect of homicides on changes in life expectancy between 2005-2009 and 2010-2014 and

quantified their effect on the mortality gap between 23 countries in LAC and high-income

countries in recent years (Canudas-Romo and Aburto, 2019). Our study also underscores

the disparities in levels of violence in the LAC. We found that males in Honduras, El

Salvador, Colombia, Venezuela and Guatemala lose over two years of life expectancy due

to homicides when compared to developed countries, while Chile, Cuba and Uruguay

exhibit levels similar to those in developed regions (Fig. 5).
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Figure 5: Homicide contribution to the gap in male life expectancy between Latin
American countries and 15 high income European countries in 2010-14 Source: adapted

from Canudas-Romo and Aburto (2019).
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Aburto, J. M., Beltrán-Sánchez, H., Garćıa-Guerrero, V. M., and Canudas-Romo, V.
(2016). Homicides in Mexico reversed life expectancy gains for men and slowed them
for women, 2000–10. Health Affairs, 35(1):88–95.

Aburto, J. M., Riffe, T., and Canudas-Romo, V. (2018a). Trends in avoidable mortality
over the life course in mexico, 1990–2015: a cross-sectional demographic analysis. BMJ
open, 8(7):e022350.

Aburto, J. M. and van Raalte, A. (2018). Lifespan dispersion in times of life expectancy
fluctuation: The case of Central and Eastern Europe. Demography, 55(6):2071–2096.

Aburto, J. M., Villavicencio, F., Basellini, U., Kjærgaard, S., and Vaupel, J. W. (2019b).
Dynamics of life expectancy and lifespan inequality. Proceedings of the National
Academy of Sciences (resubmitted).

Aburto, J. M., Wensink, M., van Raalte, A., and Lindahl-Jacobsen, R. (2018b). Potential
gains in life expectancy by reducing inequality of lifespans in Denmark: An international
comparison and cause-of-death analysis. BMC Public Health, 18:831.

Alvarez, J.-A., Aburto, J. M., and Canudas-Romo, V. (2019). Latin american convergence
and divergence towards the mortality profiles of developed countries. Population studies,
pages 1–18.

Arriaga, E. E. (1984). Measuring and explaining the change in life expectancies. Demog-
raphy, 21(1):83–96.

Baudisch, A. (2011). The pace and shape of ageing. Methods in Ecology and Evolution,
2(4):375–382.

Brønnum-Hansen, H. (2017). Socially disparate trends in lifespan variation: a trend
study on income and mortality based on nationwide danish register data. BMJ open,
7(5):e014489.

Brønnum-Hansen, H. and Baadsgaard, M. (2012). Widening social inequality in life ex-
pectancy in denmark. a register-based study on social composition and mortality trends
for the danish population. BMC Public Health, 12(1):994.

Brown, J. R. (2001). Private pensions, mortality risk, and the decision to annuitize.
Journal of Public Economics, 82(1):29–62.

20



Canudas-Romo, V. (2003). Decomposition methods in demography. Rozenberg Publishers.

Canudas-Romo, V. (2010). Three measures of longevity: time trends and record values.
Demography, 47(2):299–312.

Canudas-Romo, V. and Aburto, J. M. (2019). Youth lost to homicides: disparities in
survival in latin america and the caribbean. BMJ global health, 4(2):e001275.

Christensen, K., Doblhammer, G., Rau, R., and Vaupel, J. W. (2009). Ageing populations:
the challenges ahead. The lancet, 374(9696):1196–1208.

Colchero, F., Rau, R., Jones, O. R., Barthold, J. A., Conde, D. A., Lenart, A., Nemeth,
L., Scheuerlein, A., Schoeley, J., Torres, C., et al. (2016). The emergence of longevous
populations. Proceedings of the National Academy of Sciences, 113(48):E7681–E7690.

Demetrius, L. (1979). Relations between demographic parameters. Demography,
16(2):329–338.

Dormont, B., Samson, A.-L., Fleurbaey, M., Luchini, S., and Schokkaert, E. (2018).
Individual uncertainty about longevity. Demography, 55(5):1829–1854.

Edwards, R. D. and Tuljapurkar, S. (2005). Inequality in life spans and a new perspective
on mortality convergence across industrialized countries. Population and Development
Review, 31(4):645–674.

Engelman, M., Canudas-Romo, V., and Agree, E. M. (2010). The implications of increased
survivorship for mortality variation in aging populations. Population and Development
Review, 36(3):511–539.

Fernández, O. E. and Beltrán-Sánchez, H. (2015). The entropy of the life table: A
reappraisal. Theoretical Population Biology, 104:26–45.

Fries, J. F. (2003). Measuring and monitoring success in compressing morbidity. Annals
of Internal Medicine, 139(5 Part 2):455–459.
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Abstract:  1 
As people live longer, ages at death are becoming more similar. This dual advance over the last two centu-2 
ries, a central aim of public health policies, is a major achievement of modern civilization. Some recent ex-3 
ceptions to the joint rise of life expectancy and lifespan equality, however, make it difficult to determine the 4 
underlying causes of this relationship. Here, we develop a unifying framework to study life expectancy and 5 
lifespan equality over time relying on concepts about the pace and shape of aging. We study the dynamic 6 
relationship between life expectancy and lifespan equality with reliable data from the Human Mortality Da-7 
tabase for 49 countries and regions with emphasis on the long time series of Swedish mortality. Our results 8 
demonstrate that both changes in life expectancy and lifespan equality are weighted totals of rates of progress 9 
in reducing mortality. This finding holds for three different measures of the variability of lifespans. The 10 
weights evolve over time and indicate the ages at which reductions in mortality increase life expectancy and 11 
lifespan equality: the more progress at the youngest ages, the tighter the relationship. The link between life 12 
expectancy and lifespan equality is especially strong when life expectancy is less than 70 years. In recent 13 
decades life expectancy and lifespan equality have occasionally moved in opposite directions due to larger 14 
improvements in mortality at older ages or a slowdown in declines in midlife mortality. Saving lives at ages 15 
below life expectancy is the key to increasing both life expectancy and lifespan equality. 16 
 17 
Significance Statement: 18 
Why life expectancy and lifespan equality have increased together is a question of scientific and social inter-19 
est. Both measures are calculated for a calendar year and might not describe a cohort’s actual life-course. 20 
Nonetheless, life expectancy provides a useful measure of average lifespans and lifespan equality gives in-21 
sights into uncertainty about and social disparities in age at death.  We show how patterns of change in life 22 
expectancy and lifespan equality are described by trajectories of mortality improvements over age and time. 23 
The strength of the relationship between life expectancy and lifespan equality is not coincidental but rather a 24 
result of progress in saving lives at specific ages: the more lives saved at the youngest ages, the stronger the 25 
relationship is. 26 
  27 
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Main text: 28 

The rise in human life expectancy over the past two centuries is a remarkable accomplishment  of 29 
modern civilization (1, 2). This progress was achieved during the demographic transition of societies from 30 
regimes of high mortality and fertility to regimes of low mortality and fertility (3, 4). At present, among the 31 
world’s nations, Japanese women have the highest life expectancy at birth, above 87 years. In 1840, the rec-32 
ord was held by Swedish women, with an average lifespan of 46 years (5). This advance has been accompa-33 
nied by an increase in lifespan equality: in low mortality populations today, most individuals survive to simi-34 
lar ages (6-11).  35 

Lifespan equality matters because it captures a fundamental type of inequality: variation in length of 36 
life. This variation is not revealed by life expectancy and other measures of average mortality levels (12). 37 
Two populations that share the same level of life expectancy could experience substantial differences in the 38 
timing of death, e.g., deaths could be more evenly spread over age in one population than another. Although 39 
life expectancy is monitored in every country in the world, few countries have begun to monitor and 40 
acknowledge the importance of disparities in age at death.  41 

For values of life expectancy at birth from under 20 to above 85 years, lifespan equality rises linearly 42 
(Fig 1). This relationship between life expectancy and lifespan equality has been found to hold in a lifespan 43 
continuum over millions of years of primate evolution, in many countries and among subgroups in a popula-44 
tion (6-11, 13-15). The dual advance, however, might be coincidental rather than causal. Even though both 45 
life expectancy and lifespan equality are computed from the same information, namely age-specific death 46 
rates, doubt about a common causal link is sown by messier and sometimes negative relationships between 47 
them in various datasets and using alternative indicators of lifespan equality (16). The United States, for ex-48 
ample, has relatively low equality in lifespans in comparison with other countries that have similar levels of 49 
life expectancy (17). Scotland reached similar levels of life expectancy with 10% higher lifespan inequality 50 
than England and Wales since 1980 (18). Finnish females from lower educational levels experienced increas-51 
es in life expectancy while lifespan equality decreased at age 30 since the 1970s (12). In Denmark, lifespan 52 
equality decreased among the lowest income subgroup over the 1986-2014 period despite the increase in life 53 
expectancy (19). In some countries in Eastern Europe and Latin America, life expectancy and lifespan equali-54 
ty moved independently over periods of slow improvements in life expectancy (20-22). Indeed, in many 55 
countries and subgroups within a country in recent decades, lifespan equality declined although the average 56 
lifespan rose or vice versa (as indicated by the points in the second and fourth quadrants of Fig 2A-B). In 57 
addition, causes of death that contributed to increasing life expectancy somewhat differ from those that in-58 
creased equality in lifespans in developed countries after 1970 (23, 24). Nonetheless, in spite of these excep-59 
tions and discrepancies, life expectancy and lifespan equality generally move in the same direction (11). 60 

In this article, we develop a mathematical framework to explore how life expectancy at birth and 61 
lifespan equality relate to each other and evolve over time. We rely on two dimensions of aging: the average 62 
length of life (pace) and the relative variation in length of life (shape) (25). The former refers to how fast 63 
aging occurs, while the latter describes how sharply populations age. The shape of mortality pertains to the 64 
distribution of lifespans. Statisticians and demographers, based on both theoretical and practical considera-65 
tions, have developed different indicators to summarize the distribution of lifespans (26, 27). Here, we meas-66 
ure average length of life by life expectancy, and we analyze three different indicators of lifespan equality. 67 
These indicators are variants of 1) lifetable entropy, 2) the Gini coefficient, and 3) the coefficient of variation 68 
of the age-at-death distribution (28, 29). Other indicators of absolute dispersion in lifespans exist, such as the 69 
variance of the age-at-death distribution, its standard deviation, or life years lost due to death (30, 31). How-70 
ever, these are pace indicators measured in units of time, and do not capture the dimensionless shape of aging 71 
(26).  72 

We focus on how age-specific mortality improvements change lifespan equality and life expectancy 73 
at birth. We analyze changes over time in these two longevity measures for Swedish females since the 18th 74 
century, and 48 additional populations from the Human Mortality Database with reliable data, in many cases 75 
since the beginning of the 20th century, for females and males separately (5). Mortality risks implied by a 76 
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period lifetable generally differ from the risks individuals will experience over their lifetimes. Nonetheless, 77 
lifetable information on life expectancy and lifespan equality may provide information individuals use to 78 
make life-course decisions and policymakers use to assess population health and well-being (32-34). 79 

 80 
Trends in life expectancy and lifespan equality 81 

Life expectancy at birth for both men and women increased throughout the 20th century (5, 35). Par-82 
alleling the rise of life expectancy, all countries included in our study became more equal in lifespans (Fig. 83 
1). This is a significant advance in giving people more equitable opportunities. Furthermore, the rise in 84 
lifespan equality has influenced the decisions individuals make over their life course, such as when to have 85 
children, study, work or retire and how much to save for retirement, because such decisions are based not 86 
only on expected lifetime but also on uncertainty about age at death (14). Analysis of the relationship be-87 

tween life expectancy at birth 𝑒𝑒𝑜𝑜 and lifespan equality, as measured by ℎ, a log-transformation of lifetable 88 
entropy 𝐻𝐻� (see Material and Methods and Box 1), indicates a strong correlation (Pearson coefficient of 0.985 89 
for the data in Fig. 1). We also analyzed the relationship between average lifespan and two other measures of 90 
lifespan equality based on the Gini coefficient and the coefficient of variation, and found similarly high cor-91 
relations, .981 and .975 respectively (Supplemental Material [SM], Fig. S1). Although life expectancy and 92 
lifespan equality have been positively correlated, it is apparent that the relationship is less strong and often 93 
reversed in recent decades, resulting in negative correlations in some countries in yearly and ten-year chang-94 
es (Fig. 2).  95 
 96 
 97 

How strong is the relationship between life expectancy and lifespan equality over time? 98 
To study how strongly life expectancy and lifespan equality are related over time and whether they 99 

respond in the same direction to age-specific mortality changes, we complement demographic analysis with 100 
time series analysis (see SM Section A for details). This framework is designed to integrate the stochastic 101 
properties of dynamics over time (8, 9). Focusing on changes over time improves our analysis by avoiding 102 
misleading inferences from correlations, such as confounding due to unobserved or unmeasured variables 103 
(36). Econometric time-series theory indicates that life expectancy and lifespan equality have a long-run rela-104 
tionship if there exists a single process that drives both indicators towards a long-term equilibrium, even if 105 
temporary departures from it occur (as observed more often in recent decades). If this equilibrium exists, 106 
changes over time in lifespan equality are proportional to changes in life expectancy in the long term. In oth-107 
er words, while life expectancy and lifespan equality increase over time, a linear combination of both leads to 108 
a residual time series consistent with stationarity (i.e., with stable mean and variance), referred to as cointe-109 
gration in time series analysis (SM Section A.2).  110 

The results reveal that in most populations life expectancy and lifespan equality are linked by a long-111 
run relationship for both sexes (see SM Fig. S2). In 91% of the populations we investigated (males and fe-112 
males from 45 countries and regions by sex) this relationship holds under the same model specifications (SM 113 
Section A.2); similar results are exhibited for all three indicators of lifespan equality (SM Fig. S2). At the 5% 114 
significance level, negative results are expected for 5% of the cases due to random variations. We got nega-115 
tive results in 9% cases. So, the importance of negative results in specific populations should not be overly 116 
emphasized (see SM Section A.3). These results hold for countries that have experienced substantially differ-117 
ent mortality patterns, including women in Japan; men in the U.S. with life expectancy of about 77 years and 118 

Figure 2. [About here] Panel A: Association between changes in life expectancy 
at birth  𝒆𝒆𝒐𝒐 and lifespan equality 𝒉𝒉. Panel B: Association between changes over 

ten-year rolling periods. 

Figure 1 [About here] Association between life 
expectancy at birth 𝒆𝒆𝒐𝒐 and lifespan equality 𝒉𝒉. 
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relatively high lifespan inequality (17); and men in Russia and Ukraine with the lowest levels in life expec-119 
tancy in this study (about 65 and 66 years in 2013, respectively) and high inequality (21). Importantly, for 120 
every population in our study, females’ lives tend to be longer and more equal compared to males’ lives in a 121 
given year, consistent with previous research (11, 37). This underscores the advantage of females over males 122 
not only in average lifespan but also in lower uncertainty about age at death. 123 
 124 
Age-specific dynamics of mortality  125 

The field of demography has long been known within the social sciences for its innovations in de-126 
composition analysis (38). Decomposition analysis is based on the principle of separating demographic 127 
measures, e.g. life expectancy or lifespan equality, into components that contribute to their dynamics, such as 128 
age-specific mortality. Several methods to analyze change in life expectancy over time have been developed. 129 
Pollard (1988) (39), Arriaga (1984) (40), Andreev et al (2002) (41), among others, focused on discrete differ-130 
ences in life expectancy while other authors considered continuous change (42-46). Some of these methods, 131 
particularly Arriaga’s, have been extensively used in population health studies to disentangle age- and cause-132 
specific effects because they are easy to implement. Here, we relate changes in both life expectancy and 133 
lifespan equality to the average pace of improvement of mortality and the average number of years lost at 134 
death (31). We are able to describe specific properties of both indicators. 135 

Changes in life expectancy and in lifespan equality over time are weighted averages of rates of pro-136 
gress in reducing age-specific mortality, 𝜌𝜌(𝑥𝑥), albeit with different weights (Material and Methods). These 137 
weights − 𝑤𝑤(𝑥𝑥) for life expectancy at birth and the product 𝑤𝑤(𝑥𝑥)𝑊𝑊ℎ(𝑥𝑥) for lifespan equality − evolve over 138 
time and vary by age. They indicate the potential gain (loss) in life expectancy and lifespan equality if lives 139 
are saved at a specific age and in a given period. Panels A and B in Fig. 3 show the weights for life expec-140 
tancy at birth and from age 5 for Swedish women. From the 18th to the first part of 20th century, the largest 141 
potential increases in life expectancy were concentrated in infancy. The effect on life expectancy improve-142 
ments due to saving lives in midlife was higher than at older ages. This changed dramatically after 1950, 143 
when the effect of infant mortality decreased significantly. By 2010, the effect of reducing mortality by 1% at 144 
birth was the same as reducing mortality by 1% at age 71. In the 21st century, saving lives between ages 5 145 
and 40 years had a negligible effect on life expectancy, as opposed to the relatively high impact of these ages 146 
before 1900. A shift over time towards the importance of older ages is clear. This ongoing wave towards old-147 
er ages is in line with recent evidence documenting an advancing front of old-age survival that has driven 148 
recent increases in average lifespan (47). Indeed, the postponement of old-age mortality is an ongoing pro-149 
cess that started more than 50 years ago (48, 49). Panels A and B in Fig. 3 show that whenever mortality 150 
improvements occur life expectancy increases. The size of the increase depends on the ages at which lives 151 
are saved. These improvements 𝜌𝜌(𝑥𝑥) and the weights 𝑤𝑤(𝑥𝑥) are the drivers of life expectancy at birth over 152 
time (31). Panels C and D in Fig. 3 show the weights 𝑤𝑤(𝑥𝑥)𝑊𝑊ℎ(𝑥𝑥) for lifespan equality ℎ. As in panels A and 153 
B, each value represents the effect on lifespan equality of reducing mortality at a given age. Saving lives at 154 
very young ages had the largest effect on increasing equality of lifespans throughout the 18th, 19th and first 155 
half of the 20th centuries. In contemporary Sweden, the impact of reducing mortality at birth on lifespan 156 
equality is the same as saving lives at all ages between 76 and 80 years.  157 

As with life expectancy, there is an ongoing shift towards older ages, but with an important differ-158 
ence. At older ages, there is a threshold age above which saving lives decreases lifespan equality (Box 1). 159 
This age is depicted with the dashed lines colored according to the respective period: an increase of this age 160 
over time clearly appears in the graphs. The threshold age gives valuable information for understanding of 161 
the relationship between life expectancy at birth and lifespan equality: to the extent that improvements at 162 
ages below the threshold age outpace those above it, life expectancy will move in the same direction as 163 
lifespan equality (50). The shift from positive to negative effects has previously been explored using other 164 
indicators (51, 52). The three lifespan equality indicators that we analyze behave similarly (see SM, Fig. S3); 165 
their sensitivity to changes in age-specific mortality resembles that of other indices of lifespan variation (27). 166 

 167 
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 168 
Fig. 4A shows the contributions, in years, of mortality fluctuations below the threshold age (early-169 
component), and Fig. 4B shows contributions above the threshold age (late-component) to changes in life 170 
expectancy and lifespan equality in 10-year rolling periods for all countries included in our study. The points 171 
in the first and third quadrants in Fig. 4A and the second and fourth quadrants in Fig. 3B reflect a mix of 172 
reductions in death rates at some ages below and above the threshold and increases at other ages. Because the 173 
weights for specific ages differ for life expectancy and lifespan equality, the aggregate effect of such a mix of 174 
mortality changes can be positive (negative) for life expectancy and negative (positive) for lifespan equality. 175 
The sum of the early and late components gives the total change in each indicator (Fig 2A). We report simi-176 
lar results for the two other indicators of lifespan equality in SM Fig. S4. There is a strong positive associa-177 
tion between changes in life expectancy and lifespan equality below the threshold age, while the relationship 178 
is negative above that threshold. Since the two effects oppose each other, as shown by the regression lines, 179 
the relationship is driven by the component that makes the larger contribution. Reductions in death rates be-180 
low the threshold age were significantly larger than reductions above it before 1960, resulting in a strong 181 
positive association between life expectancy and lifespan equality. Since 1960, mortality reductions above 182 
the threshold age have become more comparable in magnitude to the early-life component, with more in-183 
creases in life expectancy coinciding with decreases in lifespan equality. Until now, the absolute change in 184 
both indicators per decade is mainly driven by mortality changes below the threshold age (83.7% and 82.0% 185 
on average per decade for lifespan equality and life expectancy, respectively [Fig. 4, and panels B and C in 186 
Fig. Box 1]). 187 

 188 
As life expectancy increases, the threshold age also increases (Box 1 and SM Fig S5). There is then more 189 
scope to save early lives below the threshold age and maintain the positive relationship between life expec-190 
tancy and lifespan equality. This is an essential characteristic of the long-run equilibrium. Progress, however, 191 
after the threshold age has been increasing. For example, in Sweden the most common age at death at older 192 
ages was stagnant up until the 1950s when it started rising with life expectancy (Fig. Box 1, panel A), and 193 
contributions to changes in life expectancy and lifespan equality increased above the threshold age (Fig. Box 194 
1, panel C). These results underscore the effect of mortality improvements at advanced ages (i.e. above the 195 
threshold age) in recent years and shed light on recent interruptions in the relationship between changes in 196 
life expectancy and lifespan equality. This process follows a redistribution of mortality over age and causes 197 
of death (23, 53, 54). In the past, deaths were concentrated at young and working ages, mainly due to infec-198 
tious diseases and to some extent wars and famines that resulted in high inequality of lifespans (55). In recent 199 
decades, because of major improvements in health services and medical treatment, living standards, sanita-200 
tion  and various social determinants of health (56-59), lifesaving is concentrated at older ages, sometimes 201 
above the threshold age. 202 
  203 

Figure 3.[About here] Weights for the changes in life expectancy 𝒘𝒘(𝒙𝒙) (panels A 
and B) and lifespan equality 𝒘𝒘(𝒙𝒙)𝑾𝑾𝒉𝒉 (𝒙𝒙) (panels C and D). Each line refers to a 
given period and represents how life expectancy and lifespan equality react to 
age-specific mortality improvements for Swedish women in selected periods. 

Figure 4. Panel A: Association between 10-year changes in life expectancy at birth 𝒆𝒆𝒐𝒐 and lifespan 
equality 𝒉𝒉 because of mortality changes below the threshold age. Panel B: Association between 10-year 
changes in 𝒆𝒆𝒐𝒐 and 𝒉𝒉 because of mortality changes above the threshold age. Dotted lines show the direc-

tions of the relationship below and above the threshold age. 
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___________________________________________________________________________________ 204 
Box 1. The threshold age and the life expectancy at birth 205 

Lifespan equality measured by ℎ refers to an indicator closely related to lifetable entropy, which was 206 
first developed by Leser (29) and further explored by Demetrius (60),  Keyfitz (42) and Keyfitz and Golini 207 
(61). The lifetable entropy is a dimensionless indicator of the relative variation in the length of life compared 208 
to life expectancy at birth, and can be expressed as 209 

 

𝐻𝐻� = −
∫ ℓ(𝑥𝑥) lnℓ(𝑥𝑥)d𝑥𝑥∞
0

∫ ℓ(𝑥𝑥)d𝑥𝑥∞
0

=
𝑒𝑒†

𝑒𝑒o
.  

 210 
Function ℓ(𝑥𝑥) denotes the probability of surviving from birth to age 𝑥𝑥, whereas 𝑒𝑒† refers to life disparity − 211 
the average remaining life expectancy at ages of death (31, 45, 46) − and 𝑒𝑒𝑜𝑜 is the life expectancy at birth. 212 

Lifespan equality measured by ℎ = − ln𝐻𝐻� has previously been used as an indicator of lifespan equal-213 
ity (11). If mortality improvements over time occur  at all ages, there exists a unique threshold age that sepa-214 
rates positive from negative contributions to 𝐻𝐻� as a result of those improvements (50). Because ℎ is a loga-215 
rithmic transformation of 𝛨𝛨�, it has the same threshold age, which we denote by 𝑎𝑎ℎ (dashed lines in Fig. 3). 216 
This threshold is reached when 217 

 
𝐻𝐻(𝑎𝑎ℎ) + 𝐻𝐻�(𝑎𝑎ℎ) = 1 + 𝐻𝐻�,  

 218 
where 𝐻𝐻(𝑎𝑎ℎ) is the cumulative hazard to age 𝑎𝑎ℎ and 𝐻𝐻�(𝑎𝑎ℎ) is the lifetable entropy conditional on surviving 219 
to age 𝑎𝑎ℎ (50). 220 

Fig. Box 1 shows the evolution of life expectancy at birth 𝑒𝑒𝑜𝑜, the threshold age 𝑎𝑎ℎ and the most 221 
common age at death after infancy, 𝑀𝑀, for Swedish females since 1900 (Panel A). The figure highlights how 222 
the three measures move together. The threshold age in Panel A is the age that separates “early” from “late” 223 
deaths in terms of the effect on lifespan equality. Averting deaths before 𝑎𝑎ℎ increases equality, while averting 224 
deaths after this age has the opposite effect. It is a population-specific measure that depends on the observed 225 
mortality pattern. The threshold age and the life expectancy at birth move in the same direction, either in-226 
creasing or decreasing together; note that they are very close in recent decades. The modal age at death 𝑀𝑀 227 
was fairly constant before 1950 and rose in tandem with 𝑒𝑒𝑜𝑜 and 𝑎𝑎ℎ thereafter. More than 40% of deaths occur 228 
below 𝑒𝑒𝑜𝑜 and 𝑎𝑎ℎ, whereas more than 60% of deaths occur below 𝑀𝑀 (Panel B). Panels C and D show that 229 
mortality improvements below 𝑒𝑒𝑜𝑜 and 𝑎𝑎ℎ were responsible for around 80% of gains in life expectancy at 230 
birth and lifespan equality in the beginning of the 20th century, while they are responsible for around 60% in 231 
contemporary Sweden.  232 
_______________________________________________________________________________________ 233 
 234 
  235 

Figure Box 1 [About here]. Life expectancy at birth 𝒆𝒆𝒐𝒐, lifespan equality 𝒉𝒉 and 
the modal age at death 𝑴𝑴 for Swedish females 1900-2017. 
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Outlook 236 

The dynamics of life expectancy and of lifespan equality are driven by changes in age-specific death 237 
rates. The impact of the change at some age differs somewhat for the two measures. At younger ages, the 238 
impacts are similar. After a threshold age late in life, a reduction in age-specific death rates increases life 239 
expectancy but decreases lifespan equality. Because of progress in recent decades in reducing death rates 240 
above the threshold age, rises in life expectancy more often coincide with declines in lifespan equality. For 241 
the populations we analyzed, in the period 1900-1950 less than 16% of the annual changes in average 242 
lifespan coincided with opposite changes in lifespan equality. In the 1960s this discrepancy rose to 47%; and 243 
thereafter the average has been around 32%. These trends were driven by Eastern and Central European 244 
countries and by Nordic countries, which experienced divergent patterns in mortality at different ages (21, 245 
24). Since 1960, lifespan inequality was high and fluctuated strongly in Central and Eastern Europe. A recent 246 
study shows that in the decades 1960-1980, life expectancy and lifespan equality changed in opposite direc-247 
tions in half the years and populations analyzed, largely because trends in age-specific death rates were posi-248 
tive at some ages and negative at other ages (21). This is consistent with our findings. Previous evidence 249 
suggests that alcohol-related and cardiovascular diseases might have been important in driving the observed 250 
trends in Central and Eastern Europe (21, 62-64).  Danish males experienced deterioration caused by smok-251 
ing-related and cardiovascular mortality between ages 35 and 80, while negative trends in Norway and Swe-252 
den were mostly caused by an increase in cardiovascular mortality (24).  253 

Are there paths other than the joint, linear rise in Fig. 1 that might have been followed if social condi-254 
tions and public policies had been different? This is an intriguing question that can be examined in our 255 
framework. Fig. 5 shows the relationship between life expectancy and lifespan equality for Swedish women 256 
from 1751 to2017 under three different scenarios. Blue points refer to observed life expectancy from values 257 
below 20 years in 1773 to 84.1 years in 2017. The process of increasing life expectancy with greater equality 258 
in individual lifespans has been referred to as the compression of mortality or the rectangularization of survi-259 
vorship, and has been studied from various perspectives over the last couple of decades (7-11, 21, 65). Un-260 
derstanding the dynamics of the compression of mortality is important for forecasting heterogeneity in future 261 
age-patterns of population health as well as for assessments of the timing of individual mortality (12). 262 

Consider the difference of life expectancy and lifespan equality between two consecutive years. The 263 
regression line in Fig. 5 indicates that on average the life expectancy change is about 25.4 times the lifespan 264 
equality change, a value close to the 27 reported elsewhere (11). Here, we demonstrate that each of these first 265 
differences, as an approximation to the time derivative (Material and Methods), is a weighted total of mor-266 
tality improvements in a given year (Fig. 3). Our main motivation lies on the remarkably tight relationship 267 
between life expectancy and lifespan equality through time illustrated by the regression line (slope 0.04,𝑝𝑝 <268 
.001). For example, in 1773 Sweden underwent the last major famine that caused starvation across the coun-269 
try (66). Approximately 50% of excess deaths were due to dysentery, and most deaths (20%) were concen-270 
trated in infancy (55). Even under periods of such mortality stress, observed life expectancy and lifespan 271 
equality fall on the linear trend that holds in more favorable years. Is this tight connection coincidental or a 272 
result of fundamental social and physiological forces? We have shown that the connection is largely due to 273 
change in death rates at younger ages. Can more be said? 274 

The observed path (blue points Fig. 5) is a combination of age-specific mortality improvements and 275 
the weights shown in Fig. 3. Improvements in mortality are uneven across ages (31). Hence, we explored an 276 
alternative scenario in which the same rate of mortality reduction (or increase) occurred at all ages, the “con-277 

Figure 5. Life expectancy at birth 𝒆𝒆𝒐𝒐 and lifespan equality 𝒉𝒉 for three different scenarios: 1) Observed 
points: Swedish females 1751-2017; 2) Youngest equality: lifespan equality derived by matching observed 
life expectancy levels by reducing the youngest age; and 3) Constant change over age: death rates in each 

year at all ages are reduced at the rate𝝆𝝆 to achieve the observed change in life expectancy at  birth 
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stant scenario”, with the rate chosen to be consistent with observed levels of life expectancy over time. The 278 
red rhombuses in Fig. 5 illustrate the resulting trajectory for Sweden. When the average lifespan rises above 279 
40 years, levels of lifespan equality start to diverge and become lower than the observed ones. The relation-280 
ship between life expectancy becomes non-linear and levels off at around a life expectancy at birth of 70 281 
years.  282 

Another hypothetical scenario is represented by the purple squares labelled “Youngest equality”. This 283 
curve refers to the case when all progress in reducing death rates is concentrated at the youngest ages. For 284 
example, to get the 1752 life expectancy level from 1751, only deaths at age zero are reduced. Then when 285 
deaths at birth are zero, deaths are reduced at age 1, then age 2, and so on, to match the observed life expec-286 
tancy in the following years. That is, all lifesaving is concentrated at the youngest age(s) at which deaths still 287 
occur. Results yield a steeper slope (0.051,𝑝𝑝 < .001), which translates into larger equality in individual 288 
lifespans at levels of life expectancy after age 50. 289 

Consider now another scenario, the “potential scenario”. From the level of life expectancy in 1950 to 290 
contemporary Sweden, age-specific rates of improvement are chosen such that (1) life expectancy increases 291 
continuously match the observed levels every decade and (2) lifespan equality increases optimally. That is, 292 
when life expectancy increases, progress is concentrated at the ages when change in death rates most increas-293 
es lifespan equality. Also consider the “constant scenario” in which the life expectancy improvement every 294 
decade was achieved by reducing mortality at the same rate for every age. Table 1 shows lifespan equality 295 
under these scenarios for Swedish females from 1960 as well as the actual observed trajectory of lifespan 296 
equality. The optimal scenario leads to the highest attained lifespan equality, while the constant scenario 297 
shows the lowest equality in lifespans. Interestingly, what was observed in Sweden is close to 50% on aver-298 
age of the difference between the potential and constant scenarios. Hence, the observed trajectory might be 299 
called the “semi-optimal scenario”. These alternative scenarios show that the narrow passageway that de-300 
scribes the relationship between life expectancy at birth and lifespan equality is not a coincidence. The transi-301 
tion from low levels of average lifespan and high variation in length of life to longer and more equal 302 
lifespans is a result of saving lives at ages that matter—but semi-optimally. The tight link between life expec-303 
tancy and lifespan equality has been shaped by improvements in mortality at the most important ages for life 304 
expectancy and for lifespan equality: early ages in the 18th century and adult ages today. 305 

 306 

 307 
Table 1[about here] Life expectancy at birth 𝒆𝒆𝒐𝒐 and lifespan equality 𝒉𝒉 for three different scenarios: 1) 308 

Observed points: Swedish females 1960-2017; 2) Potential equality: lifespan equality derived by 309 
matching observed life expectancy levels by reducing death rates that increases the most lifespan 310 

equality; and 3) Constant change in mortality improvements 𝝆𝝆(𝒙𝒙) over age matching observed life ex-311 
pectancy levels every decade. 312 

 313 
In recent years, more instances of a temporary reversal of the relationship between life expectancy 314 

and lifespan equality have been observed in several countries and subgroups of populations (12, 20-22). Of-315 
ten these cases were due to midlife mortality deterioration or to major improvements in old-age mortality 316 
above the threshold age. In Sweden, death rates among octogenarians and nonagenarians have fallen since 317 
1950 (67). For other developed countries, the pattern has been similar (68). If improvements at advanced 318 
ages continue and if they outpace those made at younger ages, the pattern of the relationship between life 319 
expectancy and lifespan equality could reverse in the future. It is, however, unlikely that rates of improve-320 
ment above the threshold age will outpace progress at younger ages in the long term. Furthermore, as life 321 
expectancy increases, the threshold age will increase. 322 

Across primate species, there is a rough association of life expectancy and lifespan equality. Several 323 
instances, however, where a relationship between the pace and shape of aging is not found have been docu-324 
mented in other species. Across the tree of life, 46 diverse species did not show a strong correlation between 325 
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life expectancy and lifespan equality (69), and among plants a nonlinear, but weak, positive association has 326 
been reported (70). These findings compare different species, whereas our results are for a single species in a 327 
changing environment. Two studies, one of the nematode worm C. elegans and the other of Drosophila mel-328 
anogaster, of individuals held under different conditions, found that lifespan equality appeared to be inde-329 
pendent of life expectancy (71, 72).  330 

For humans, a sharp worsening of conditions tends to lead to substantial increases in infant and child 331 
mortality(55), and in some cases mortality at young adult ages, e.g. as experienced in the former Soviet Un-332 
ion after the end of the anti-alcohol campaign and the dissolution of the Soviet Union (21), lowering both life 333 
expectancy and lifespan equality. On the other hand, improvements in standards of living, nutrition, educa-334 
tion, public health and other environmental conditions tend, at least when life expectancy is less than 70, to 335 
predominately affect life expectancy—and lifespan equality—through reductions in death rates at young ages 336 
(2).  337 

A key question is whether changes in environmental conditions have their biggest effects on mortality 338 
in infancy and childhood because of human agency or because of human physiology. Do societies act to fo-339 
cus mortality improvements at the ages that most matter or is human mortality for physiological reasons most 340 
sensitive at younger ages to environmental changes? Study of the impact of environmental change on life 341 
expectancy and lifespan equality in nonhuman primate species, being undertaken by Fernando Colchero, Su-342 
san Alberts and colleagues, could shed light on the role of agency versus physiology. More generally, our 343 
findings—coupled with the mathematical relationships we derived to analyze how changes in age-specific 344 
death rates affect life expectancy and lifespan equality—suggest that a link may be found for species for 345 
which environmental change affects life expectancy largely because of changes in death rates at young ages. 346 
 347 
 348 
Materials and Methods 349 
 350 
Data. We used death rates by age and sex from the Human Mortality Database (5) for 49 countries and re-351 
gions by single age and year, with data available from the beginning of the 20th century for some of the coun-352 
tries and regions and later in the 20th century for others and with data up to the most recent year available 353 
(see SM Table S1 for detailed information). We constructed lifetables following standard demographic pro-354 
cedures (7,717 lifetables) (73). For each population, we investigated life expectancy at birth and lifespan 355 
equality by sex. The analysis is restricted to countries with data available for consecutive years (without gaps 356 
in the information over time) in order to study age-specific mortality patterns on a yearly basis. We decided 357 
not to analyze dispersion at death conditional on survival to any older age because of major improvements 358 
made in early ages during the 20th century (74). In addition, we did not include Chile, South Korea and Croa-359 
tia in the cointegration analysis due to limited data availability, spanning less than 20 years. All the analyses 360 
were carried out with R-software (75) and are fully reproducible, including data handling, from the public 361 
repository at https://github.com/jmaburto/Dynamics-of-life-expectancy-and-lifespan-equality. 362 
 363 
 364 
Contributions to mathematical demography 365 
Changes over time in life expectancy. Changes over time in life expectancy at birth are a weighted average 366 
of rates of progress in reducing mortality (31). Letting ℓ(𝑥𝑥, 𝑡𝑡) be the period lifetable probability at time 𝑡𝑡 of 367 
surviving from birth to age 𝑥𝑥, life expectancy at birth can be expressed as  368 
 369 

𝑒𝑒𝑜𝑜(𝑡𝑡) = � ℓ(𝑥𝑥, 𝑡𝑡) d𝑥𝑥
∞

0
.  

 370 
Because ℓ(𝑥𝑥, 𝑡𝑡) = exp [−∫ 𝜇𝜇(𝑎𝑎, 𝑡𝑡)𝑥𝑥

0 d𝑎𝑎], where 𝜇𝜇(𝑎𝑎, 𝑡𝑡) is the force of mortality (hazard rate) at age 𝑎𝑎 at time 371 
𝑡𝑡, changes over time in 𝑒𝑒𝑜𝑜(𝑡𝑡) are given by 372 
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 373 

𝜕𝜕
𝜕𝜕𝑡𝑡
𝑒𝑒𝑜𝑜(𝑡𝑡) =  �̇�𝑒𝑜𝑜(𝑡𝑡) = �

𝜕𝜕
𝜕𝜕𝑡𝑡
ℓ(𝑥𝑥, 𝑡𝑡)d𝑥𝑥

∞

0
=  −� ℓ(𝑥𝑥, 𝑡𝑡)

∞

0
�

𝜕𝜕
𝜕𝜕𝑡𝑡
𝜇𝜇(𝑎𝑎, 𝑡𝑡) d𝑎𝑎 d𝑥𝑥

𝑥𝑥

0
 

= �
𝜕𝜕
𝜕𝜕𝑡𝑡
𝜇𝜇(𝑥𝑥, 𝑡𝑡)

∞

0
� ℓ(𝑎𝑎, 𝑡𝑡) d𝑎𝑎 d𝑥𝑥.      
∞

𝑥𝑥
 

[1] 

 374 
A dot over a function denotes its partial derivative with respect to time. For simplicity, variable 𝑡𝑡 will be 375 
omitted as an argument in the following. We define 376 
 377 

𝜌𝜌(𝑥𝑥) =  −  
�̇�𝜇(𝑥𝑥)
𝜇𝜇(𝑥𝑥)

 and 𝑒𝑒(𝑥𝑥) =
1

ℓ(𝑥𝑥)
� ℓ(𝑎𝑎) d𝑎𝑎
∞

𝑥𝑥
 

 378 
as the age-specific rates of mortality improvement over time and the remaining life expectancy at age 𝑥𝑥, re-379 
spectively. Then, Eq. (1) can be expressed in terms of these two functions as 380 
 381 

�̇�𝑒𝑜𝑜 = � 𝜇𝜇(𝑥𝑥) ℓ(𝑥𝑥) 𝑒𝑒(𝑥𝑥)𝜌𝜌(𝑥𝑥) d𝑥𝑥
∞

0
=  � 𝑤𝑤(𝑥𝑥)𝜌𝜌(𝑥𝑥) d𝑥𝑥

∞

0
. [2] 

 382 
This last result shows that changes over time in life expectancy at birth are a weighted total of rates of pro-383 
gress in reducing mortality, with weights given by the function 𝑤𝑤(𝑥𝑥) =  𝜇𝜇(𝑥𝑥) ℓ(𝑥𝑥) 𝑒𝑒(𝑥𝑥), as shown by Vaupel 384 
and Canudas-Romo (31). 385 
 386 
Measures of lifespan equality and their change over time. Several indicators have been proposed to measure 387 
variation in age at death (27, 76, 77). Selecting the best measure when comparing aging patterns among pop-388 
ulations that differ in length of life is of great importance, since indicators vary in their sensitivity to mortali-389 
ty fluctuations and in their mathematical interpretation (27). In this study, we use three indicators based on 390 
the pace and shape of aging framework (25), which suggests a set of properties that indicators should satisfy 391 
(26, 78).  392 
 393 
A variant of the lifetable entropy: ℎ. A measure of lifespan inequality is lifetable entropy 𝐻𝐻� (29, 60, 61), 394 
which can be defined as 395 
 396 

𝐻𝐻� =  � 𝑐𝑐(𝑥𝑥) 𝐻𝐻(𝑥𝑥) d𝑥𝑥
∞

0
,  

 397 
where 𝑐𝑐(𝑥𝑥) = ℓ(𝑥𝑥)/∫ ℓ(𝑎𝑎) d𝑎𝑎∞

𝑥𝑥  is the lifetable age composition, and 𝐻𝐻(𝑥𝑥) =  ∫ 𝜇𝜇(𝑎𝑎)𝑥𝑥
0 d𝑎𝑎 is the cumulative 398 

hazard to age 𝑥𝑥. Hence, 𝐻𝐻� can be interpreted as an average value of the cumulative hazard. It can also be ex-399 
pressed as  400 
 401 

𝐻𝐻� = −
∫ ℓ(𝑥𝑥) ln ℓ(𝑥𝑥) d𝑥𝑥∞
0

∫ ℓ(𝑥𝑥) d𝑥𝑥∞
0

=  
𝑒𝑒†

𝑒𝑒𝑜𝑜
 ,  

 402 
where 𝑒𝑒† =  −∫ ℓ(𝑥𝑥) ln ℓ(𝑥𝑥)∞

0 d𝑥𝑥 accounts for life disparity, the average number of life-years lost as a result 403 
of death or the average remaining life expectancy at ages of death (9). For instance, an individual dying at 404 
age 50 in a population with remaining life expectancy at age 50 of 20 years would have lost those 20 years of 405 
life. 406 
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 This definition of entropy provides a dimensionless indicator of relative variation in the length of 407 
life compared to life expectancy at birth, permitting comparison of populations with different age-at-death 408 
distributions (26). An alternative measure to 𝐻𝐻� is 409 
 410 

ℎ = − ln𝐻𝐻� =  ln 𝑒𝑒𝑜𝑜 −  ln 𝑒𝑒† , [3] 
 411 
which has previously been used to study lifespan equality across different primate populations, including 412 
humans (11). Note that 𝐻𝐻� can be interpreted as an indicator of lifespan inequality, given that higher values 413 
represent more variation in lifespans, whereas ℎ (the logarithm of the inverse) is a measure of lifespan 414 
equality. From Eq. (3), the variation over time in ℎ is given by  415 
 416 

ℎ̇ =
�̇�𝑒𝑜𝑜
𝑒𝑒𝑜𝑜
−  
�̇�𝑒†

𝑒𝑒†
 . [4] 

 417 
An equivalent expression to Eq. (4) was previously derived using calculus of variation by Fernández and 418 
Beltrán-Sánchez (79), who found that  419 
 420 

𝐻𝐻�̇ 𝐻𝐻�⁄ =  
�̇�𝑒†

𝑒𝑒†
−  
�̇�𝑒𝑜𝑜
𝑒𝑒𝑜𝑜

 .  

 421 
This shows that changes over time in ℎ are equal to minus the relative change in the lifetable entropy 𝐻𝐻�. Sim-422 
ilarly to life expectancy at birth, Aburto and colleagues (50) proved that 423 
 424 

𝐻𝐻�̇ 𝐻𝐻�⁄ =  � 𝑤𝑤(𝑥𝑥) 𝑊𝑊(𝑥𝑥) 𝜌𝜌(𝑥𝑥) d𝑥𝑥
∞

0
 ,  

 425 
where 𝑤𝑤(𝑥𝑥) =  𝜇𝜇(𝑥𝑥) ℓ(𝑥𝑥) 𝑒𝑒(𝑥𝑥) are the same weights for changes over time in 𝑒𝑒𝑜𝑜 defined in Eq. (2), and 426 
 427 

𝑊𝑊(𝑥𝑥) =   
1
𝑒𝑒†

(𝐻𝐻(𝑥𝑥) + 𝐻𝐻�(𝑥𝑥) − 1) −
1
𝑒𝑒𝑜𝑜

 .  

 428 
Function 𝐻𝐻�(𝑥𝑥) =  𝑒𝑒†(𝑥𝑥)/𝑒𝑒(𝑥𝑥) is the entropy conditional on surviving to age 𝑥𝑥, where 𝑒𝑒†(𝑥𝑥) refers to life 429 
disparity above age 𝑥𝑥, and 𝑒𝑒(𝑥𝑥) is the remaining life expectancy at age 𝑥𝑥 (50). Because ℎ̇ = −𝐻𝐻�̇ 𝐻𝐻�⁄ , it fol-430 
lows that 431 
 432 

ℎ̇ =  � 𝑤𝑤(𝑥𝑥) 𝑊𝑊ℎ(𝑥𝑥) 𝜌𝜌(𝑥𝑥) d𝑥𝑥
∞

0
 , [5] 

 433 
with 𝑊𝑊ℎ(𝑥𝑥) = −𝑊𝑊(𝑥𝑥). This result shows that changes in lifespan equality over time are weighted totals of 434 
rates of progress in reducing mortality 𝜌𝜌(𝑥𝑥), with weights given by the product 𝑤𝑤(𝑥𝑥) 𝑊𝑊ℎ(𝑥𝑥). 435 
 436 
A variant of the Gini coefficient: 𝑔𝑔. The Gini coefficient is a popular index in social science used to measure 437 
distributions of positive variables, such as income (80). It has also been used to describe inequality in 438 
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lifespans as a measure of population health and in survival analysis as an indicator of concentration in sur-439 
vival times (26, 28, 62, 81, 82). In lifetable notation, the Gini coefficient 𝐺𝐺 is given by  440 
 441 

𝐺𝐺 = 1 −  
∫ ℓ(𝑥𝑥)2 d𝑥𝑥∞
0

∫ ℓ(𝑥𝑥) d𝑥𝑥∞
0

= 1 −  
𝜗𝜗
𝑒𝑒𝑜𝑜

 . [6] 

 442 
Function 𝜗𝜗 = ∫ ℓ(𝑥𝑥)2 d𝑥𝑥∞

0  relates to perturbation theory as it measures life expectancy from doubling the 443 
risk of death at all ages. From Eq. (6), 𝐺𝐺 can also be expressed in terms of the lifetable age distribution, 444 

𝐺𝐺 = 1 −  � 𝑐𝑐(𝑥𝑥) ℓ(x)d𝑥𝑥
∞

0
= 1 − ℓ� .  

Note that ℓ� = 𝜗𝜗/𝑒𝑒𝑜𝑜 = ∫ 𝑐𝑐(𝑥𝑥) ℓ(𝑥𝑥) d𝑥𝑥∞
0  is a dimensionless indicator of lifespan equality, bounded between 0 445 

and 1. If lifespans are completely concentrated, all individuals die at the same age, the indicator equals 1; if 446 
they are equally spread the indicator tends to 0. In addition, if two babies are born at the same time in a popu-447 
lation, then ℓ� measures their shared lifespan as a proportion of life expectancy (83). An alternative indicator 448 
to the Gini coefficient is the logarithm of its inverse 449 
 450 

𝑔𝑔 =  − ln𝐺𝐺 = − ln�1 − ℓ�� , [7] 

which is also a measure of equality rather than inequality. 451 
Note that the derivative of ℓ� with respect to time is 452 

ℓ�̇ =  
�̇�𝜗𝑒𝑒𝑜𝑜 − 𝜗𝜗�̇�𝑒𝑜𝑜

𝑒𝑒𝑜𝑜2
.  

Hence, changes over time in 𝑔𝑔 are given by 453 

�̇�𝑔 =  −
−ℓ�̇

1 − ℓ�
=
�̇�𝜗𝑒𝑒𝑜𝑜 − 𝜗𝜗�̇�𝑒𝑜𝑜

𝑒𝑒𝑜𝑜2
∙

𝑒𝑒𝑜𝑜
𝑒𝑒𝑜𝑜 − 𝜗𝜗

=  
�̇�𝜗 − 𝜗𝜗�̇�𝑒𝑜𝑜/𝑒𝑒𝑜𝑜
𝑒𝑒𝑜𝑜 − 𝜗𝜗

 =
𝜗𝜗

𝑒𝑒𝑜𝑜 − 𝜗𝜗
 �
�̇�𝜗
𝜗𝜗
−  
�̇�𝑒𝑜𝑜
𝑒𝑒𝑜𝑜
� . [8] 

 454 
Similar to ℎ, the time derivative of 𝑔𝑔 can be re-expressed as 455 

 456 

�̇�𝑔 =  � 𝑤𝑤(𝑥𝑥) 𝑊𝑊𝑔𝑔(𝑥𝑥) 𝜌𝜌(𝑥𝑥) d𝑥𝑥
∞

0
 , [9] 

 457 
where 𝑤𝑤(𝑥𝑥) = 𝜇𝜇(𝑥𝑥) ℓ(𝑥𝑥) 𝑒𝑒(𝑥𝑥) are the same weights for changes over time in 𝑒𝑒𝑜𝑜, and 458 
 459 

𝑊𝑊𝑔𝑔(𝑥𝑥) =  
𝜗𝜗

𝑒𝑒𝑜𝑜 − 𝜗𝜗
�
2ℓ(𝑥𝑥)ℓ�(𝑥𝑥)

𝜗𝜗
−  

1
𝑒𝑒𝑜𝑜
� .  

 460 
Function ℓ�(𝑥𝑥) is defined as 461 
 462 

   ℓ�(𝑥𝑥) =  
1

ℓ(𝑥𝑥)
� 𝑐𝑐(𝑎𝑎)ℓ(𝑎𝑎)d𝑎𝑎
∞

𝑥𝑥
 ,  

 463 
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and can be interpreted as lifespan equality above age 𝑥𝑥. A detailed proof of Eq. (9) can be found in SM Sec-464 
tion B. This result shows that changes in lifespan equality over time, measured by 𝑔𝑔, are a weighted total of 465 
the rates of progress in reducing mortality 𝜌𝜌(𝑥𝑥), with weights given by the product 𝑤𝑤(𝑥𝑥) 𝑊𝑊𝑔𝑔(𝑥𝑥). 466 
 467 
A variant of the coefficient of variation: 𝑣𝑣. The coefficient of variation of the age-at-death distribution is the 468 
quotient of its standard deviation 𝜎𝜎 and the life expectancy at birth 469 
 470 

   𝐶𝐶𝐶𝐶 =
𝜎𝜎
𝑒𝑒𝑜𝑜

=  
�∫ (𝑥𝑥 − 𝑒𝑒𝑜𝑜)2 ℓ(𝑥𝑥) 𝜇𝜇(𝑥𝑥) d𝑥𝑥 ∞

0

∫ ℓ(𝑥𝑥)d𝑥𝑥∞
0

.  

 471 
This indicator has been previously used to measure lifespan inequality (24, 26). Here, we define a new meas-472 
ure of lifespan equality as the logarithm of the inverse of the coefficient of variation,  473 

   𝑣𝑣 = −ln𝐶𝐶𝐶𝐶 = ln 𝑒𝑒𝑜𝑜 − ln𝜎𝜎 . [10] 

Similar to lifetable entropy and the Gini coefficient, changes over time in 𝑣𝑣 are given by 474 
 475 

�̇�𝑣 =  
�̇�𝑒𝑜𝑜
𝑒𝑒𝑜𝑜
−  
�̇�𝜎
𝜎𝜎

 , [11] 

which can be re-expressed as  476 
 477 

�̇�𝑣 =  � 𝑤𝑤(𝑥𝑥) 𝑊𝑊𝑣𝑣(𝑥𝑥) 𝜌𝜌(𝑥𝑥) d𝑥𝑥
∞

0
 . [12] 

 478 
As before, 𝑤𝑤(𝑥𝑥) are the weights for 𝑒𝑒𝑜𝑜, whereas 𝑊𝑊𝑣𝑣(𝑥𝑥) are weights defined as 479 
 480 

𝑊𝑊𝑣𝑣(𝑥𝑥) =  
1
𝑒𝑒𝑜𝑜
−  

1
𝜎𝜎2

𝐶𝐶𝐶𝐶(𝑥𝑥) ,  

where 481 
 482 

𝐶𝐶𝐶𝐶(𝑥𝑥) =  
∫ ℓ(𝑎𝑎)(𝑎𝑎 − 𝑒𝑒𝑜𝑜) d𝑎𝑎∞
𝑥𝑥

∫ ℓ(𝑎𝑎) d𝑎𝑎∞
𝑥𝑥

=  � 𝑐𝑐(𝑎𝑎)
∞

𝑥𝑥
𝑎𝑎 d𝑎𝑎 − 𝑒𝑒𝑜𝑜 = 𝑎𝑎�𝑥𝑥 − 𝑒𝑒𝑜𝑜 .  

 483 
Note that 𝐶𝐶𝐶𝐶(𝑥𝑥) is a weighted average of deviations from life expectancy at age 𝑥𝑥, which can be expressed 484 
as the difference between the average age of the population above age 𝑥𝑥 (𝑎𝑎�𝑥𝑥) and the life expectancy at birth. 485 
A detailed proof of Eq. (12) can be found in SM Section C. This result shows that changes over time in the 486 
alternative measure 𝑣𝑣 of the coefficient of variation are a weighted total of the rates of progress in reducing 487 
mortality 𝜌𝜌(𝑥𝑥), with weights given by the product 𝑤𝑤(𝑥𝑥)𝑊𝑊𝑣𝑣(𝑥𝑥). 488 
 489 
Demographic methods to calculate threshold ages and age-specific contributions. From life tables, we 490 
calculated for each of the three indicators the threshold age below which averting deaths increases lifespan 491 
equality, and above which equality decreases. Equations (5), (9) and (12) indicate that the age-specific con-492 
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tribution to changes over time in lifespan equality can be expressed as the product 𝜌𝜌(𝑥𝑥)𝑤𝑤(𝑥𝑥)𝑊𝑊𝑘𝑘(𝑥𝑥), for 𝑘𝑘 ∈493 
{ℎ,𝑔𝑔, 𝑣𝑣}. Note that 𝑤𝑤(𝑥𝑥) is a strictly positive function, whereas the indicator-specific weights 𝑊𝑊𝑘𝑘(𝑥𝑥) are 494 
strictly decreasing. Hence, under the assumption that death rates remain constant or decline at all ages (i.e. 495 
𝜌𝜌(𝑥𝑥) ≥ 0 for all 𝑥𝑥) or remain constant or increase at all ages (i.e. 𝜌𝜌(𝑥𝑥) ≤ 0 for all 𝑥𝑥), for each indicator there 496 
is unique threshold age that we denote by 𝑎𝑎ℎ, 𝑎𝑎𝑔𝑔 and 𝑎𝑎𝑣𝑣 respectively. These threshold ages are reached when 497 
the corresponding weights equal 0; that is, when 𝑊𝑊ℎ(𝑥𝑥)  =  0, 𝑊𝑊𝑔𝑔(𝑥𝑥) =  0 or 𝑊𝑊𝑣𝑣(𝑥𝑥)  =  0. The assumption 498 
that death rates need to decline (or increase) at all ages is necessary to have a unique threshold age. If death 499 
rates increase for some ages and decline for others, there may be several threshold ages that separate positive 500 
from negative contributions to lifespan equality, since the product 𝜌𝜌(𝑥𝑥)𝑤𝑤(𝑥𝑥)𝑊𝑊𝑘𝑘(𝑥𝑥) may switch from positive 501 
to negative several times across ages. For instance, whenever 𝜌𝜌(𝑥𝑥) and 𝑊𝑊(𝑥𝑥) are both positive (or both nega-502 
tive) contributions will be positive; on the contrary, whenever 𝑊𝑊(𝑥𝑥) > 0 and 𝜌𝜌(𝑥𝑥)  <  0, or 𝑊𝑊(𝑥𝑥) < 0 and 503 
𝜌𝜌(𝑥𝑥) >  0, contributions will be negative. We quantified age-specific contributions to yearly changes in life 504 
expectancy and lifespan equality for all the data available and estimated contributions above and below those 505 
thresholds. We used a model defined on a continuous framework that assumes gradual change in mortality 506 
over time (84) used in previous studies of lifespan inequality (13, 20, 21, 24).  507 
 508 
Stochastic properties of life expectancy and lifespan equality. We analyzed the stochastic properties of 𝑒𝑒𝑜𝑜 509 
and lifespan equality over time to determine whether they are stationary processes (for further details, see SM 510 
Section A). In case of non-stationarity, we also find the order of integration. We performed the Kwiatkow-511 
ski–Phillips–Schmidt–Shin test (KPSS) (85) for  𝑒𝑒𝑜𝑜 and the three measures of lifespan equality, and the aug-512 
mented Dickey–Fuller test (ADF) (86) in their levels and first differences, respectively (we also perform tests 513 
against higher orders of integration but could not reject the hypothesis that the variables were integrated at a 514 
lower level.). Using the 95% critical values, the null hypothesis of stationarity can be rejected in 94.9% of the 515 
cases for life expectancy and 93.9% for lifespan equality ℎ. Moreover, at the same level, the null-hypothesis 516 
of a unit-root in their first differences is rejected in 97% of the cases for 𝑒𝑒𝑜𝑜 and ℎ. These analyses suggest 517 
that the variables are nonstationary processes and achieve stationarity after differencing once for both fe-518 
males and males. In the statistical analysis, we treat both variables as integrated of order one. The concept of 519 
cointegration was developed to avoid misleading interpretations regarding the relationship between two inte-520 
grated variables (87). It refers to the case of a model that can adjust for stochastic trends to produce station-521 
ary residuals, and it permits detection of stable long-run relationships among integrated variables. Formally, 522 
two cointegrated variables can be expressed using a 2-dimensional vector autoregressive model in its equilib-523 
rium correction (VECM) form, defined as 524 
 525 

∆𝑧𝑧𝑡𝑡 = ΓΔ𝑧𝑧𝑡𝑡−1 + 𝛼𝛼𝛽𝛽′𝑧𝑧𝑡𝑡−1 + 𝜇𝜇 + 𝜀𝜀𝑡𝑡 .  

 526 
Operator Δ denotes the first differences; 𝑧𝑧𝑡𝑡 is a 2 × 1 vector of stochastic variables (𝑒𝑒𝑜𝑜  and lifespan equality 527 
in our case) at time 𝑡𝑡; Γ contains the cumulative long-run impacts, 𝛼𝛼 and 𝛽𝛽 are 2 × 1 vectors of full rank; 𝜇𝜇 is 528 
a vector of constants; and 𝜀𝜀𝑡𝑡 is a vector of normally, independently, and identically distributed errors with 529 
zero means and constant variances (88). We specify the model with an unrestricted constant in the cointegra-530 
tion space and dummy variables in contexts where life expectancy experienced historical shocks, such as 531 
World Wars and epidemics (see SM Table S2 and Section A for additional details and sensitivity analyses). 532 
  533 
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Section A. Time series Analysis 

A.1 Finding the order of integration. Formally, a stochastic process is stationary if, for every 1 
collection of time indices 1 ≤ 𝑡𝑡1 ≤ ⋯ ≤ 𝑡𝑡𝑚𝑚, the joint distribution (𝑥𝑥𝑡𝑡1, 𝑥𝑥𝑡𝑡2, … , 𝑥𝑥𝑡𝑡𝑚𝑚) is the same 2 
as the joint distribution of (𝑥𝑥𝑡𝑡1+ℎ , 𝑥𝑥𝑡𝑡2+ℎ, … , 𝑥𝑥𝑡𝑡𝑚𝑚+ℎ) (1). In loose terms, the properties of the 3 
underlying process do not change over time. In contrast, a stochastic process is integrated (i.e. 4 
nonstationary) of order 𝑑𝑑, denoted 𝐼𝐼(𝑑𝑑), if it needs to be differenced 𝑑𝑑 times to achieve stationarity 5 
(2). When 𝑑𝑑 = 1, the process has a unit root. If two variables (e.g. life expectancy and lifespan 6 
equality) are integrated and possess a unit root, then shocks are accumulated over time with 7 
growing variance, which makes statistical inference problematic (3, 4).  8 

There are multiple tests to investigate the existence of a unit root for a stochastic process 9 
and its order of integration. For instance, the Kwiatkowski-Phillips-Schmidt-Shin test (KPSS) 10 
(5), which tests the null hypothesis of stationarity, and  the augmented Dickey-Fuller test (ADF) 11 
(6), which tests the serial autocorrelation of the process (the null hypothesis is of no 12 
autocorrelation). The combination of KPSS and ADF tests is common because the KPSS test 13 
reverses the null hypothesis. In addition, to make our results more robust towards structural 14 
breaks, we performed the Zivot-Andrews (7) test on the first differences of the series for all 15 
indicators used and results yielded similar conclusions. 16 
 17 
Stochastic properties of life expectancy and lifespan equality. We analyzed the stochastic 18 
properties of 𝑒𝑒𝑜𝑜 and ℎ over time to determine whether they are stationary processes. In case of 19 
non-stationarity, we also find the order of integration. We performed the Kwiatkowski–Phillips–20 
Schmidt–Shin test (KPSS) (5) for 𝑒𝑒𝑜𝑜 and ℎ and the augmented Dickey–Fuller test (ADF) (6) in 21 
their levels and first differences, respectively.1 Using the 95% critical values, the null hypothesis 22 
of stationarity can be rejected in 94.9% of the cases for life expectancy, and 93.9% for lifespan 23 
equality ℎ (Fig. A2)2 Moreover, at the same level, the null-hypothesis of a unit-root in their first 24 
differences is rejected 97% for 𝑒𝑒𝑜𝑜 and almost 97% for ℎ (see Fig. A2).3 These analyses suggest 25 
that the variables are nonstationary processes and achieve stationarity after differencing once for 26 
both females and males. For the remainder of the study, we treat both variables as integrated of 27 
order one, 𝐼𝐼(1).  28 

                                                           
1 We also performed tests against higher orders of integration, but could not reject the hypothesis that the variables were 
integrated at a lower level. 
2 For 𝑔𝑔 = − ln𝐺𝐺 the proportion is 91.8%, and for 𝑣𝑣 = − ln𝐶𝐶𝐶𝐶 is 91.8% (see Fig. A2). 
3 The corresponding values for 𝑔𝑔 and 𝑣𝑣 are 94.9 and 95.9%, respectively (see Fig. A2). 
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Fig. A1. KPSS and ADF tests for 𝒆𝒆𝒐𝒐,𝒉𝒉,𝒈𝒈 and 𝒗𝒗. Calculations based on data from HMD (8)

  



4 
 

A.2 Cointegration. The concept of cointegration was developed to avoid misleading 29 
interpretations regarding the relationship between two integrated variables (9). It refers to a model 30 
that can adjust for stochastic trends to produce stationary residuals to permit detection of stable 31 
long-run relationships among integrated variables.  32 

Formally, two cointegrated variables can be expressed using a 2-dimensional vector 33 
autoregressive model in its equilibrium correction (VECM) form: 34 

∆𝑧𝑧𝑡𝑡 = ΓΔ𝑧𝑧𝑡𝑡−1 + 𝛼𝛼𝛽𝛽′𝑧𝑧𝑡𝑡−1 + 𝜇𝜇 + 𝜀𝜀𝑡𝑡.  

where Δ is the first difference operator, 𝑧𝑧𝑡𝑡 is a 2 × 1 vector of stochastic variables (life expectancy 35 
and lifespan equality in our case) at time 𝑡𝑡; 𝛼𝛼 and 𝛽𝛽 are 2 × 1 vectors of full rank, Γ accumulates 36 
the long run effects, 𝜇𝜇 is a vector of constants and 𝜀𝜀𝑡𝑡 is a vector of normally, independently, and 37 
identically distributed errors with zero means and constant variances. We specify the model with 38 
an unrestricted constant in the cointegration space and dummy variables in contexts where life 39 
expectancy experienced historical shocks, such as World Wars and epidemics (see Table 2). This 40 
is known as a case 4 model (3) and deals correctly with the deterministic components of the 41 
observed behavior of life expectancy and lifespan equality (10-12). An advantage of this 42 
framework is that, under cointegration, parameter estimates are super consistent, which make them 43 
robust to omitted variables and endogeneity related issues (4). 44 

We use the optimal lag length based on the Akaike Information Criterion (AIC). We 45 
applied four information criteria to 45 countries’ time series (13-16). In all of them, the most 46 
selected lags are one and two as optimal. We decided to choose AIC in our time series analysis 47 
based on the accuracy of the method (17) to avoid over-parametrization and to have consistency 48 
across countries and sexes. In addition, as a robustness check we used the BIC criterion to select 49 
the optimal lag length and the results were very similar. Using BIC, results yielded 90% of 50 
evidence of cointegration with the Trace statistic test. Using the lambda max test, results showed 51 
92.2% of cointegration. 52 

There are two test statistics for cointegration, the Lambda-max and the trace statistic (18). 53 
The first one tests the null hypothesis of 𝑟𝑟 cointegrating vectors against the specific alternative of 54 
𝑟𝑟 + 1 cointegrating vector(s). The trace statistic tests the null hypothesis of no cointegrating vector 55 
against a general alternative of one or more cointegrating vectors (𝑟𝑟 > 1). We performed both tests 56 
to each country for females and males separately. 57 

Subsequently, after finding 𝑟𝑟 cointegrating relationships, we estimated the VECM 58 
representation of each system. That is, we ran an ordinary least squares (OLS) regression on the 59 
lagged differenced variables and the error correction term derived from the previous step. All the 60 
analyses were carried out using the programming language R (19).  61 
 62 
Granger causality. The notion of Granger causality refers to a probabilistic concept of causality 63 
that exploits the fact that causes must precede their effects in time (20, 21). Although temporal 64 
precedence alone is not enough to stablish a causal link, the concept of Granger causality still 65 
remains useful for causal insights when taking into account its limitations (22).  66 

We performed instantaneous causality tests for all the populations in our study and found 67 
that in 90% of the cases the null hypothesis of no instantaneous causality was rejected. Moreover, 68 
84% of the cases exhibit a negative error correction coefficient, which is significant in more than 69 
60% of cases. These findings confirm that a long-run co-movement exists between life expectancy 70 
and lifespan equality. It is worth mentioning that we did not find clear patterns or jumps in the 71 
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speed of adjustment and in the cointegrating vector, other than similar directions for most 72 
countries. 73 

 74 
A.3 Exceptions for long-run evidence. Some populations did not show evidence of a long-run 75 
relationship: females in Lithuania, Belarus and New Zealand, and males in Lithuania, Belarus and 76 
Belgium. This could be a result of data quality and short time series. For instance, data quality is 77 
an issue in Eastern European countries from, such as Lithuania and Belarus, especially during the 78 
Soviet Period (23). New Zealand has been subject to compositional effects due to the changes in 79 
proportions of the Maori and European populations (23). Belgium was only considered for the 80 
years after 1950 because earlier gaps in the data series (23). 81 
 82 
 83 
Section B. Time derivatives of 𝝑𝝑 and 𝒈𝒈 

Let 𝜗𝜗 = ℓ(𝑥𝑥, 𝑡𝑡)2 𝑑𝑑𝑥𝑥, where ℓ(𝑥𝑥, 𝑡𝑡) is the probability of surviving from birth to age 𝑥𝑥 at time 𝑡𝑡.4 84 
Applying the chain rule, its derivative with respect to time is 85 

�̇�𝜗 = � 2ℓ(𝑥𝑥)
∞

0
ℓ̇(𝑥𝑥) d𝑥𝑥.  

Using that ℓ̇(𝑥𝑥) = −ℓ(𝑥𝑥)∫ �̇�𝜇(𝑎𝑎)d𝑎𝑎𝑥𝑥
0 , where 𝜇𝜇(𝑎𝑎) is the force of mortality at age 𝑎𝑎, and reversing 86 

the order of integration, we get 87 

�̇�𝜗 = −2� ℓ(𝑥𝑥)2
∞

0
� �̇�𝜇(𝑎𝑎)
𝑥𝑥

0
 d𝑎𝑎 d𝑥𝑥 =  −2� �̇�𝜇(𝑎𝑎)

∞

0
 � ℓ(𝑥𝑥)2 d𝑥𝑥 d𝑎𝑎

∞

𝑎𝑎
 

= 2� 𝜌𝜌(𝑎𝑎) 𝜇𝜇(𝑎𝑎) ℓ(𝑎𝑎) 𝑒𝑒(𝑎𝑎)
∞

0
 
∫ ℓ(𝑥𝑥)2 d𝑥𝑥∞
𝑎𝑎

∫ ℓ(𝑎𝑎) d𝑥𝑥∞
𝑎𝑎

 d𝑎𝑎 

= � 𝜌𝜌(𝑎𝑎) 𝑤𝑤(𝑎𝑎) 2 ℓ(𝑎𝑎) ℓ�(𝑎𝑎)
∞

0
 d𝑎𝑎. (B1) 

 
Function 𝑒𝑒(𝑎𝑎) is the remaining life expectancy at age 𝑎𝑎, 𝜌𝜌(𝑎𝑎) are the rates of mortality 88 
improvement, 𝑤𝑤(𝑎𝑎) = 𝜇𝜇(𝑎𝑎) ℓ(𝑎𝑎) 𝑒𝑒(𝑎𝑎), and 89 

 ℓ�(𝑥𝑥) =  
1

ℓ(𝑥𝑥)
� 𝑐𝑐(𝑎𝑎) ℓ(𝑎𝑎) d𝑎𝑎
∞

𝑥𝑥
, 90 

where 𝑐𝑐(𝑎𝑎) denotes the lifetable age composition. 91 
From Eq. (2) and (8) in the main manuscript, the time derivative of the life expectancy at 92 

birth is 93 

�̇�𝑒𝑜𝑜 = � 𝑤𝑤(𝑥𝑥)𝜌𝜌(𝑥𝑥) d𝑥𝑥
∞

0
, (B2) 

and the time derivative of 𝑔𝑔 = − ln𝐺𝐺 cab be expressed as 94 

�̇�𝑔 =  
𝜗𝜗

𝑒𝑒𝑜𝑜 − 𝜗𝜗
 �
�̇�𝜗
𝜗𝜗
−  
�̇�𝑒𝑜𝑜
𝑒𝑒𝑜𝑜
� . (B3) 

Replacing (B1) and (B2) in (B3) yields  95 

                                                           
4 For simplicity, variable 𝑡𝑡 will be omitted as an argument in the following. 
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�̇�𝑔 =  
𝜗𝜗

𝑒𝑒𝑜𝑜 − 𝜗𝜗
 �

1
𝜗𝜗
� 𝜌𝜌(𝑥𝑥) 𝑤𝑤(𝑥𝑥) 2ℓ(𝑥𝑥) ℓ�(𝑥𝑥)d𝑥𝑥
∞

0
−  

1
𝑒𝑒𝑜𝑜
� 𝜌𝜌(𝑥𝑥) 𝑤𝑤(𝑥𝑥) d𝑥𝑥
∞

0
� 

 =  � 𝜌𝜌(𝑥𝑥) 𝑤𝑤(𝑥𝑥) 
𝜗𝜗

𝑒𝑒𝑜𝑜 −  𝜗𝜗

∞

0
�
2ℓ(𝑥𝑥)ℓ�(𝑥𝑥)

𝜗𝜗
−

1
𝑒𝑒𝑜𝑜
�  d𝑥𝑥 

=  � 𝜌𝜌(𝑥𝑥) 𝑤𝑤(𝑥𝑥) 
𝜗𝜗

𝑒𝑒𝑜𝑜 −  𝜗𝜗

∞

0
�
2ℓ(𝑥𝑥)ℓ�(𝑥𝑥)

𝜗𝜗
−

1
𝑒𝑒𝑜𝑜
�  d𝑥𝑥 

=  � 𝜌𝜌(𝑥𝑥) 𝑤𝑤(𝑥𝑥) 
∞

0
�
2ℓ(𝑥𝑥)ℓ�(𝑥𝑥) − ℓ�

𝑒𝑒𝑜𝑜 −  𝜗𝜗
�  d𝑥𝑥 

=  � 𝜌𝜌(𝑥𝑥) 𝑤𝑤(𝑥𝑥)
∞

0
𝑊𝑊𝑔𝑔(𝑥𝑥)d𝑥𝑥, 

 

which provides an expression for �̇�𝑔 that proves Eq. (9) in the main manuscript.  ∎  96 
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Section C. Time derivatives of 𝝈𝝈 and 𝒉𝒉 

Let 97 

𝜎𝜎 = �� (𝑥𝑥 − 𝑒𝑒𝑜𝑜)2 ℓ(𝑥𝑥) 𝜇𝜇(𝑥𝑥) d𝑥𝑥 
∞

0
 ,  

be the standard deviation of the lifetable age-at-death distribution. Following Gillespie et al (24), 98 
the time derivative of the variance of the age-at-death distribution is 99 

𝜎𝜎2̇ =  2� 𝜌𝜌(𝑥𝑥) 𝑤𝑤(𝑥𝑥) 
∫ ℓ(𝑎𝑎) (𝑎𝑎 − 𝑒𝑒𝑜𝑜) d𝑎𝑎∞
𝑥𝑥

𝑒𝑒(𝑥𝑥) ℓ(𝑥𝑥)
 d𝑥𝑥.

∞

0
  

Applying the chain rule, the time derivative of 𝜎𝜎 is given by 100 

�̇�𝜎 =
𝜎𝜎2̇

2 𝜎𝜎
=  

1
𝜎𝜎
� 𝜌𝜌(𝑥𝑥) 𝑤𝑤(𝑥𝑥) 

∫ ℓ(𝑎𝑎) (𝑎𝑎 − 𝑒𝑒𝑜𝑜) d𝑎𝑎∞
𝑥𝑥

𝑒𝑒(𝑥𝑥) ℓ(𝑥𝑥)
 d𝑥𝑥.

∞

0
 (C1) 

On the other hand, from Eq. (11) in the main manuscript, the time derivative of 𝑣𝑣 = − ln𝐶𝐶𝐶𝐶 can 101 
be expressed as 102 

�̇�𝑣 =  
�̇�𝑒𝑜𝑜
𝑒𝑒𝑜𝑜
−  
�̇�𝜎
𝜎𝜎

 . (C2) 

Replacing (B2) and (C1) in (C2), we get 103 
 104 

�̇�𝑣 =
1
𝑒𝑒𝑜𝑜
� 𝜌𝜌(𝑥𝑥) 𝑤𝑤(𝑥𝑥) dx −

1
𝜎𝜎
� 𝜌𝜌(𝑥𝑥) 𝑤𝑤(𝑥𝑥) 
∞

0
 
∫ ℓ(𝑎𝑎) (𝑎𝑎 − 𝑒𝑒𝑜𝑜) d𝑎𝑎∞
𝑥𝑥

𝜎𝜎𝑒𝑒(𝑥𝑥) ℓ(𝑥𝑥)  d𝑥𝑥
∞

0
 

= � 𝜌𝜌(𝑥𝑥) 𝑤𝑤(𝑥𝑥) �
1
𝑒𝑒𝑜𝑜
−

1
𝜎𝜎2

�  
∫ ℓ(𝑎𝑎) (𝑎𝑎 − 𝑒𝑒𝑜𝑜) d𝑎𝑎∞
𝑥𝑥

∫ ℓ(𝑎𝑎) d𝑎𝑎∞
𝑥𝑥

∞

𝑥𝑥
�  d𝑥𝑥

∞

0
 

= � 𝜌𝜌(𝑥𝑥) 𝑤𝑤(𝑥𝑥) �
1
𝑒𝑒𝑜𝑜
−

1
𝜎𝜎2

𝐶𝐶𝐶𝐶(𝑥𝑥)�  d𝑥𝑥
∞

0
 

= � 𝜌𝜌(𝑥𝑥) 𝑤𝑤(𝑥𝑥) 𝑊𝑊𝑣𝑣(𝑥𝑥) d𝑥𝑥.
∞

0
 

 

 

which provides an expression �̇�𝑣 that proves Eq. (12) in the main manuscript.  ∎  105 
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Additional figures and tables 

Fig. S1. Association between changes in life expectancy and changes in lifespan equality 
(10-year lag), 𝒈𝒈 and 𝒗𝒗. Calculations based on data from HMD (1). 
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Fig. S2. Johansen Trace and Lambda Max Cointegrations tests for 𝒆𝒆𝒐𝒐 with 𝒉𝒉,𝒈𝒈 and 𝒗𝒗. 
Calculations based on data from HMD (1). Since we are interested in whether 𝒆𝒆𝒐𝒐 and 𝒉𝒉 
have a long-run relationship, we focus on the rejection of the null hypothesis of no long-run 
equilibrium. Each point indicates deviation from the 5% significance critical value. Positive 
values indicate a long-run relationship, while negative show no evidence to reject the null 
hypothesis of no long-run relationship.  
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Fig. S3. Standardized weights for the changes in lifespan equality 𝒘𝒘(𝒙𝒙)𝑾𝑾(𝒙𝒙) for 𝒈𝒈 and 𝒗𝒗.  
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Fig. S4. Association between changes in life expectancy and lifespan equality (𝒈𝒈 and 𝒗𝒗) 
below and above the threshold age. Dotted lines show the directions of the relationship 
below and above the threshold age. Calculations based on data from HMD (1). 
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Fig. S5. Threshold age trajectories for 𝒉𝒉,𝒈𝒈 and 𝒗𝒗. Calculations based on data from HMD 
(1). 
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Table S1. Countries and regions in the Human Mortality Database used in our study, ranked by life expectancy by sex for the 
latest year available. 
 
Females           
No Country Initial Final 

       

1 Japan 1947 2017 87.31 2.16 2.64 1.93 87.25 84.54 82.21 
2 Spain 1908 2016 85.79 2.17 2.65 1.94 85.55 82.96 80.73 
3 Korea 2003 2016 85.46 2.15 2.65 1.93 84.86 82.28 80.43 
4 France (civilian) 1900 2017 85.28 2.1 2.55 1.84 85.93 83.17 80.34 
5 France 1900 2017 85.28 2.1 2.55 1.84 85.93 83.17 80.34 
6 Switzerland 1900 2016 85.24 2.16 2.62 1.9 85.32 82.63 80.32 
7 Italy 1900 2014 85.15 2.14 2.62 1.93 84.89 82.15 79.97 
8 Australia 1921 2016 84.93 2.11 2.57 1.87 85.1 82.25 79.83 
9 Luxembourg 1960 2014 84.49 2.09 2.57 1.87 84.34 81.35 79.21 
10 Israel 1983 2016 84.24 2.11 2.59 1.89 83.92 81.05 79.03 
11 Finland 1900 2015 84.19 2.14 2.6 1.91 84.18 81.41 79.04 
12 Canada 1921 2016 84.18 1.99 2.46 1.77 84.69 81.34 78.81 
13 Sweden 1900 2017 84.12 2.13 2.6 1.91 84.03 81.13 78.89 
14 Norway 1900 2014 84.1 2.11 2.59 1.91 84.00 81.07 78.76 
15 Portugal 1940 2015 84.03 2.16 2.63 1.92 84.00 81.38 79.11 
16 Austria 1947 2017 83.89 2.14 2.6 1.9 84.06 81.31 78.83 
17 Iceland 1900 2016 83.88 2.13 2.61 1.96 83.51 80.34 78.23 
18 Slovenia 1983 2017 83.68 2.12 2.59 1.9 83.64 80.89 78.51 
19 Greece 1981 2013 83.67 2.11 2.6 1.89 83.14 80.6 78.6 
20 New Zealand 1948 2013 83.43 2.04 2.5 1.79 83.88 80.84 78.31 
21 East Germany 1956 2017 83.32 2.1 2.56 1.87 83.5 80.67 78.16 
22 Germany 1990 2017 83.29 2.1 2.56 1.86 83.56 80.69 78.14 
23 West Germany 1956 2017 83.28 2.1 2.55 1.86 83.57 80.7 78.14 
24 Ireland 1950 2014 83.21 2.05 2.54 1.84 82.95 80.03 77.89 
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25 Belgium 1919 2015 83.15 2.07 2.52 1.83 83.65 80.69 78.02 
26 Netherlands 1900 2016 83.12 2.08 2.54 1.85 83.48 80.53 77.95 
27 New Zealand (Non Maori) 1901 2008 83.06 2.06 2.52 1.81 83.31 80.32 77.98 
28 England and Wales (Civilian) 1900 2016 83.04 2.03 2.5 1.81 83.25 80.13 77.71 
29 England and Wales (non-Civilian) 1900 2016 83.04 2.03 2.5 1.81 83.25 80.13 77.71 
30 U.K. 1922 2016 82.84 2.02 2.49 1.8 83.07 79.91 77.49 
31 Taiwan 1970 2014 82.82 1.99 2.47 1.78 82.75 79.53 77.40 
32 Denmark 1900 2016 82.79 2.03 2.51 1.84 82.7 79.47 77.21 
33 Northern Ireland 1922 2016 82.3 1.99 2.46 1.76 82.58 79.37 77.00 
34 Estonia 1959 2017 82.29 2.03 2.5 1.83 82.4 79.4 76.96 
35 Czech Republic 1950 2017 81.86 2.09 2.55 1.88 81.85 78.86 76.53 
36 Poland 1958 2016 81.72 1.99 2.45 1.78 82.02 78.72 76.22 
37 U.S.A. 1933 2017 81.39 1.86 2.31 1.64 82.45 78.67 75.96 
38 Chile 1992 2008 81.13 1.92 2.39 1.69 81.34 78.07 75.96 
39 Scotland 1900 2016 81.06 1.95 2.41 1.74 81.46 78.03 75.57 
40 Croatia 2002 2017 80.86 2.08 2.55 1.85 80.72 77.9 75.74 
41 Slovakia 1950 2017 80.57 2.01 2.48 1.79 80.56 77.59 75.32 
42 Lithuania 1959 2017 80.37 1.98 2.42 1.74 81.19 78.00 75.14 
43 Latvia 1959 2017 79.53 1.93 2.37 1.7 80.51 77.02 74.22 
44 Hungary 1950 2017 79.27 1.94 2.41 1.76 79.37 75.99 73.6 
45 Belarus 1959 2016 79.02 1.95 2.41 1.74 79.2 76.00 73.62 
46 Bulgaria 1947 2010 77.25 1.93 2.36 1.64 78.13 75.09 72.66 
47 Russia 1959 2014 76.48 1.79 2.21 1.54 78.07 74.41 71.48 
48 Ukraine 1959 2013 76.2 1.82 2.27 1.59 77.11 73.58 71.14 
49 New Zealand (Maori) 1948 2008 75.64 1.72 2.21 1.57 75.95 71.02 69.34 
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Males           
No Country Initial Final 

       

50 Switzerland 1900 2016 81.53 2.03 2.49 1.81 81.9 78.75 76.26 
51 Japan 1947 2017 81.13 1.97 2.44 1.78 81.36 77.95 75.52 
52 Australia 1921 2016 80.83 1.94 2.39 1.71 81.5 78.17 75.55 
53 Sweden 1900 2017 80.73 2.03 2.47 1.79 81.2 78.07 75.56 
54 Israel 1983 2016 80.65 1.91 2.39 1.73 80.62 77.05 74.93 
55 Italy 1900 2014 80.55 1.99 2.46 1.78 80.67 77.38 75.08 
56 Iceland 1900 2016 80.3 2.04 2.48 1.79 80.76 77.78 75.25 
57 Spain 1908 2016 80.27 1.94 2.41 1.76 80.51 76.9 74.52 
58 Canada 1921 2016 80.05 1.88 2.32 1.65 81.04 77.32 74.68 
59 Norway 1900 2014 80.03 1.99 2.44 1.76 80.36 77.05 74.69 
60 Netherlands 1900 2016 79.88 2.00 2.46 1.78 79.99 76.75 74.53 
61 New Zealand 1948 2013 79.8 1.91 2.36 1.67 80.41 77.07 74.63 
62 France (civilian) 1900 2017 79.44 1.88 2.31 1.65 80.91 77.03 73.92 
63 France 1900 2017 79.44 1.88 2.31 1.65 80.91 77.03 73.92 
64 England and Wales (Civilian) 1900 2016 79.42 1.91 2.36 1.69 80.01 76.44 73.99 
65 England and Wales (non-Civilian) 1900 2016 79.42 1.91 2.36 1.69 80.01 76.44 73.99 
66 Korea 2003 2016 79.34 1.92 2.4 1.73 79.37 76.09 73.84 
67 Austria 1947 2017 79.28 1.94 2.39 1.73 79.85 76.14 73.68 
68 U.K. 1922 2016 79.18 1.9 2.35 1.68 79.82 76.22 73.74 
69 Ireland 1950 2014 79.16 1.91 2.38 1.69 79.43 76.16 73.84 
70 Luxembourg 1960 2014 79.13 1.96 2.4 1.74 79.78 76.06 73.54 
71 New Zealand (Non Maori) 1901 2008 79.05 1.89 2.35 1.66 79.44 76.21 74.00 
72 Denmark 1900 2016 78.95 1.93 2.39 1.73 79.39 75.78 73.34 
73 West Germany 1956 2017 78.81 1.93 2.39 1.73 79.35 75.62 73.19 
74 Northern Ireland 1922 2016 78.76 1.88 2.32 1.65 79.6 75.96 73.42 
75 Finland 1900 2015 78.62 1.9 2.35 1.71 79.34 75.54 72.94 
76 Belgium 1919 2015 78.57 1.91 2.35 1.70 79.23 75.47 72.99 
77 Germany 1990 2017 78.56 1.92 2.37 1.72 79.15 75.35 72.87 
78 Greece 1981 2013 78.45 1.82 2.3 1.65 78.89 75.11 72.65 
79 Slovenia 1983 2017 78.08 1.92 2.38 1.74 78.29 74.56 72.23 
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80 Portugal 1940 2015 78.02 1.89 2.33 1.68 79.11 75.39 72.55 
81 East Germany 1956 2017 77.66 1.87 2.32 1.69 78.38 74.29 71.73 
82 Scotland 1900 2016 76.93 1.8 2.25 1.6 77.99 74.01 71.35 
83 Taiwan 1970 2014 76.54 1.72 2.19 1.55 77.4 73.26 70.74 
84 U.S.A. 1933 2017 76.35 1.68 2.12 1.47 78.31 73.82 70.94 
85 Czech Republic 1950 2017 76.01 1.85 2.31 1.67 76.21 72.01 70.08 
86 Chile 1992 2008 75.33 1.72 2.18 1.51 76.25 72.36 70.14 
87 Croatia 2002 2017 74.87 1.82 2.28 1.64 75.15 71.00 69.05 
88 Poland 1958 2016 73.84 1.68 2.15 1.53 74.25 69.32 67.53 
89 Slovakia 1950 2017 73.76 1.73 2.21 1.57 73.84 69.44 67.72 
90 Estonia 1959 2017 73.66 1.71 2.18 1.56 73.82 69.01 67.34 
91 Hungary 1950 2017 72.56 1.71 2.21 1.6 71.95 67.11 65.94 
92 New Zealand (Maori) 1948 2008 72.51 1.49 2.07 1.44 72.1 67.55 66.19 
93 Lithuania 1959 2017 70.7 1.61 2.07 1.46 71.37 66.14 64.39 
94 Bulgaria 1947 2010 70.31 1.65 2.09 1.44 71.48 66.76 64.91 
95 Latvia 1959 2017 69.8 1.58 2.04 1.44 70.3 65.1 63.5 
96 Belarus 1959 2016 68.96 1.6 2.09 1.49 68.73 63.91 62.57 
97 Ukraine 1959 2013 66.31 1.47 1.94 1.33 67.16 61.84 60.34 
98 Russia 1959 2014 65.26 1.38 1.85 1.26 66.95 61.08 59.38 
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Table S2. Years in which dummy variables were added. The dummy variables account for the 
following historic events: 1918 the Spanish flu, 1914-1919 World War 1, 1940-1945 World 
War II (1939 included for Spain to account for the Spanish civil war) and 1992-1995 
dissolution of the Soviet Union. 

Country Data years Dummy Years 
Australia 1921 - 2011 None 
Austria 1947 - 2014 None 
Belgium 1920 - 2013 1940 - 1945 
Bulgaria 1947 - 2010 None  
Belarus 1959 - 2014 1992 - 1995 
Canada 1921 - 2011 None  
Czech Republic 1950 - 2014 None 
Denmark 1900 - 2014 1918 and 1940 - 1945 
Estonia 1959 - 2014 1992 - 1995 
Finland 1900 - 2012 1918 and 1940 - 1945 
France 1900 - 2014 1914 - 1919 and 1940 -1945 
Germany 1990 - 2013 None 
Greece 1981 - 2013 None 
Hungary 1950 - 2014 1992 - 1995 
Iceland 1900 - 2013 None 
Ireland 1950 - 2014 None 
Israel 1983 - 2014 None 
Italy 1900 - 2012 1914 - 1919 and 1940 - 1945 
East Germany  1956 - 2013 1992 - 1995 
West Germany  1956 - 2013 None 
Japan 1947 - 2012 None 
Latvia 1959 - 2013 1992 - 1995 
Lithuania 1959 - 2013 1992 - 1995 
Luxembourg 1960 - 2014 None 
Netherlands 1900 - 2013 1918 and 1940 - 1945 
New Zealand Maori  1948 - 2008 1918 
New Zealand Non-Maori 1948 - 2008 1918 
Norway 1900 - 2014 1918 and 1940 - 1945 
Northern Ireland  1922 - 2013 1940 - 1945 
Poland 1958 - 2014 1992 - 1995 
Portugal 1940 - 2012 None 
Russia 1959 - 2014 1992 - 1995 
Scotland 1900 - 2013 None 
Slovakia 1950 - 2014 None 
Slovenia 1983 - 2014 None 
Spain 1908 - 2014 1918 and 1939 - 1945 
Sweden 1900 - 2014 1918 
Switzerland 1900 - 2014 1918 
Taiwan 1970 - 2014 None 
Ukraine 1959 - 2013 1992 - 1995 
UK 1922 - 2013 1940 - 1945 
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The threshold age of the lifetable entropy

José Manuel Aburto1

Jesús-Adrián Alvarez2

Francisco Villavicencio3

James W. Vaupel4

Abstract

BACKGROUND
Indicators of relative variation of lifespans are markers of inequality at the population
level and of uncertainty at the time of death at the individual level. In particular, the
lifetable entropyH represents the elasticity of life expectancy to a change in mortality.
However, it is unknown how this measure changes over time and whether a threshold age
exists, as it does for other lifespan variation indicators.

RESULTS
The time derivative of H can be decomposed into changes in life disparity e† and life
expectancy at birth eo. Likewise, changes over time inH are a weighted average of age-
specific rates of mortality improvements. These weights reflect the sensitivity ofH and
show how mortality improvements can increase (or decrease) the relative inequality of
lifespans. Further, we prove that in the assumption that mortality is reduced at all ages,
H, as well as e†, has a threshold age below which saving lives reduces entropy, whereas
improvements above that age increase entropy.

CONTRIBUTION
We give a formal expression for changes ofH over time and provide a formal proof of
the existence of a unique threshold age that separates reductions and increases in lifespan
variation as a result age-specific mortality improvements.
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Max Planck Institute for Demographic Research, Rostock, Germany. Email: jmaburto@sdu.dk.
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3 Department of International Health, Bloomberg School of Public Health, Johns Hopkins University, Balti-
more, MD, USA.
4 Interdisciplinary Center on Population Dynamics, University of Southern Denmark, Odense, Denmark, and
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1. Relationship

The lifetable entropy is a dimensionless indicator of the relative variation in the length
of life compared to life expectancy at birth (Leser 1955; Keyfitz 1968, 1977; Demetrius
1974, 1978). It is usually defined as

H(t) = −
∫∞
0
`(a, t) ln `(a, t) da∫∞

0
`(a, t) da

=

∫ ∞

0

c(a, t)H(a, t) da =
e†(t)
eo(t)

,

where e†(t) = −
∫∞
0
`(a, t) ln `(a, t) da is the life disparity or number of life-years

lost as a result of death (Vaupel and Canudas-Romo 2003), eo(t) =
∫∞
0
`(a, t) da is

the life expectancy at birth at time t, `(a, t) is the lifetable survival function, c(a, t) =
`(a, t) /

∫∞
0
`(x, t) dx is the population structure, and H(a, t) =

∫ a
0
µ(x, t) dx is the cu-

mulative hazard to age a, where µ(x, t) is the force of mortality (hazard rate or risk of
death) at age x at time t. Note thatH(t) can be interpreted as an average value of H(a, t)
in the population at time t.

Goldman and Lord (1986) and Vaupel (1986) proved that

e†(t) =
∫ ∞

0

d(a, t) e(a, t) da,

where d(a, t) represents the distribution of deaths, and e(a, t) =
∫∞
a
`(x, t) dx / `(a, t) is

the remaining life expectancy at age a at time t. This formulation provides an alternative
expression for the lifetable entropy as

H(t) =

∫∞
0
d(a, t) e(a, t) da∫∞
0
`(a, t) da

.

Let Ḣ denote the partial derivative ofH with respect to time.5 We define ρ(x) =
−µ̇(x) / µ(x) as the age-specific rates of mortality improvements. Then, the relative
derivative ofH can be expressed as a weighted average of ρ(x),

(1) Ḣ /H =

∫ ∞

0

ρ(x)w(x)W (x) dx,

with weights

w(x) = µ(x) `(x) e(x) and W (x) =
1

e†
(
H(x) +H(x)− 1

)
− 1

eo
.

5 In the following, a dot over a function will denote its partial derivative with respect to time t, but variable t
will be omitted for simplicity.
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FunctionH(x) is the lifetable entropy conditioned on surviving to age x, defined as

H(x) =
e†(x)
e(x)

=

∫∞
x
d(a) e(a) da∫∞
x
`(a) da

.

where e†(x) =
∫∞
x
d(a) e(a) da / `(x) refers to life disparity above age x, and e(x) is

the remaining life expectancy at age x.
Note that the lifetable entropyH is a measure of relative lifespan variation. Thus,

higher values represent more variation, whereas lower values denote less variation of
lifespans. If mortality improvements over time occur at all ages, there exists a unique
threshold age aH that separates positive from negative contributions to the lifetable en-
tropyH resulting from those mortality improvements. This threshold age aH is reached
when

(2) H
(
aH
)
+H

(
aH
)
= 1 +H.

2. Proof

Fernández and Beltrán-Sánchez (2015) showed that the relative derivative ofH can be
expressed as

(3) Ḣ /H =
ė†

e†
− ėo
eo

.

This formula indicates that relative changes inH over time are given by the differ-
ence between relative changes in e† (dispersion component) and relative changes in eo
(translation component). We will first provide expressions for ėo and ė† to prove that (1)
and (3) are equivalent. Next, we will prove the existence of a threshold age forH and its
uniqueness.

2.1 Relative changes over time inH

Vaupel and Canudas-Romo (2003) showed that changes over time in life expectancy at
birth are a weighted average of the total rates of mortality improvements, given by

(4) ėo =

∫ ∞

0

ρ(x)w(x) dx,

where ρ(x) = −µ̇(x) / µ(x) are the age-specific rates of mortality improvements, and
w(x) = µ(x) `(x) e(x) = d(x) e(x) is a measure of the importance of death at age x.
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Since d(x) = µ(x) `(x) and `(x) e(x) =
∫∞
x
`(a) da, the partial derivative with

respect to time of e† =
∫∞
0
d(x) e(x) dx can be expressed as

ė† =
∫ ∞

0

µ̇(x) `(x) e(x) dx+

∫ ∞

0

µ(x)

∫ ∞

x

˙̀(a) da dx

= −
∫ ∞

0

ρ(x)w(x) dx+

∫ ∞

0

˙̀(a)

∫ a

0

µ(x) dx da

= −
∫ ∞

0

ρ(x)w(x) dx−
∫ ∞

0

∫ a

0

µ̇(x) dx `(a)H(a) da,

where H(a) is the cumulative hazard to age a. By reversing the order of integration and
doing some additional manipulations, we get

ė† = −
∫ ∞

0

ρ(x)w(x) dx−
∫ ∞

0

µ̇(x)

∫ ∞

x

`(a)H(a) da dx

= −
∫ ∞

0

ρ(x)w(x) dx+

∫ ∞

0

ρ(x)w(x)

∫∞
x

`(a)H(a) da

`(x) e(x)
dx

=

∫ ∞

0

ρ(x)w(x)

(∫∞
x

`(a)
(
H(a)−H(x) +H(x)

)
da

`(x) e(x)
− 1

)
dx

=

∫ ∞

0

ρ(x)w(x)

(
H(x)

∫∞
x

`(a) da

`(x) e(x)
+

∫∞
x

`(a)
(
H(a)−H(x)

)
da

`(x) e(x)
− 1

)
dx

=

∫ ∞

0

ρ(x)w(x)

(
H(x) +

∫∞
x

`(a)
(
H(a)−H(x)

)
da

`(x) e(x)
− 1

)
dx.

(5)

In Proposition 1 in the Appendix, we prove that

(6) e†(x) =
1

`(x)

∫ ∞

x

d(a) e(a) da =
1

`(x)

∫ ∞

x

`(a)
(
H(a)−H(x)

)
da.

Replacing (6) in (5) yields

ė† =
∫ ∞

0

ρ(x)w(x)

(
H(x) +

e†(x)
e(x)

− 1

)
dx

=

∫ ∞

0

ρ(x)w(x)
(
H(x) +H(x)− 1

)
dx.

(7)
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Finally, replacing the expressions of ėo and ė† from (4) and (7) in (3), we get

Ḣ /H =
1

e†

∫ ∞

0

ρ(x)w(x)
(
H(x) +H(x)− 1

)
dx− 1

eo

∫ ∞

0

ρ(x)w(x) dx

=

∫ ∞

0

ρ(x)w(x)

(
1

e†
(
H(x) +H(x)− 1

)
− 1

eo

)
dx

=

∫ ∞

0

ρ(x)w(x)W (x) dx,

which proves (1) and shows that relative changes over time in the lifetable entropyH are
the average of the rates of mortality improvements weighted by the product w(x)W (x).
�

2.2 The threshold age forH

Using (1), changes over time in the lifetable entropyH are given by

(8) Ḣ =H

∫ ∞

0

ρ(x)w(x)W (x) dx.

Whenever Ḣ > 0, lifespan inequality increases over time, whereas Ḣ < 0 im-
plies that variation of lifespans decreases over time. Because `(x) is a positive function
bounded between 0 and 1, we have thatH > 0. Moreover, assuming age-specific death
rates µ(x) improve over time at all ages, then µ̇(x) < 0 and ρ(x) > 0 at any age x.
Therefore, (8) implies that

1. Those ages x in which w(x)W (x) > 0 will contribute positively to the lifetable
entropyH and increase lifespan variation;

2. Those ages x in which w(x)W (x) < 0 will contribute negatively to the lifetable
entropyH and favor lifespan equality;

3. Those ages x in which w(x)W (x) = 0 will have no effect on the variation over
time ofH.

Our goal is to prove that if mortality improvements occur for all ages and ρ(x) > 0,
there exists a unique threshold age aH such that w

(
aH
)
W
(
aH
)
= 0. That thresh-

old age will separate positive from negative contributions toH resulting from mortality
improvements.
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The product w(x)W (x) can be re-expressed as

w(x)W (x) = µ(x) `(x) e(x)

(
1

e†
(
H(x) +H(x)− 1

)
− 1

eo

)

=
µ(x) `(x) e(x)

e†
(
H(x) +H(x)−H − 1

)
.

Since µ(x), `(x), e(x) and e† are all positive functions, the threshold age ofH occurs
whenever

(9) g(x) := H(x) +H(x)−H − 1 = 0.

When x is close to 0, g(x) takes negative values since

g(0) = H(0) +H(0)−H − 1 = 0 +H −H − 1 = −1 < 0.

Likewise, g(x) takes positive values when x becomes arbitrarily large. Note thatH does
not depend on age, and therefore

lim
x→∞

g(x) = lim
x→∞

(
H(x) +H(x)

)
−H − 1 =∞

because limx→∞H(x) = ∞. By definition, H(x) ≥ 0 for all x, so regardless of the
behavior ofH(x), when x is arbitrarily large, the limit of g(x) tends to infinity. Hence,
given that g(0) = −1 and limx→∞ g(x) =∞, in a continuous framework the intermedi-
ate value theorem guarantees the existence of at least one age aH at which g(aH) = 0.

Moreover, as shown in Proposition 2 in the Appendix, g(x) is a strictly increasing
function, and therefore a one-to-one function assuming continuity. As a result, there
is a unique threshold age aH that separates positive from negative contributions to the
lifetable entropyH, and that threshold age is reached when

w(x)W (x) = 0⇐⇒ g(x) = 0⇐⇒ H(x) +H(x) = 1 +H,

which proves (2). �

3. Related results

Demographers have developed a battery of indicators to measure how lifespans vary in
populations (van Raalte and Caswell 2013; Colchero et al. 2016). The most common in-
dexes are the variance (Edwards and Tuljapurkar 2005; Tuljapurkar and Edwards 2011),
standard deviation (Alvarez, Aburto, and Canudas-Romo 2019; van Raalte, Sasson, and
Martikainen 2018) and coefficient of variation (Aburto et al. 2018) of the age at death
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distribution, the Gini coefficient (Shkolnikov, Andreev, and Begun 2003; Gigliarano,
Basellini, and Bonetti 2017; Archer et al. 2018), the Theil index (Smits and Monden
2009), and the years of life lost (Vaupel, Zhang, and van Raalte 2011; Aburto and van
Raalte 2018), among others. However, only a few studies have analytically derived
formulas for the threshold age below and above which mortality improvements respec-
tively decrease and increase lifespan variation. Zhang and Vaupel (2009) showed that the
threshold age (a†) for life disparity (e†) occurs whenH(x)+H(x) = 1. Similarly, Gille-
spie, Trotter, and Tuljapurkar (2014) determined a threshold age for the variance of the
age at death distribution. Van Raalte and Caswell (2013) also showed that it is possible
to determine the threshold age by performing an empirical sensitivity analysis of lifespan
variation indicators.

In this article, we contribute to the lifespan variation literature by deriving the thresh-
old age aH for the lifetable entropyH. This age separates negative from positive contri-
butions of age-specific mortality improvements. We analytically proved its existence and
– in the assumption that mortality improves over time for all ages – also its uniqueness.
In Section 4 we empirically show that it differs from the threshold age of e†.

4. Applications

The code and data to reproduce the results and graphs presented in this section are pub-
licly available through the repository in the link https://bit.ly/2wqzOFp.

4.1 Numerical findings

Figure 1 depicts the threshold ages of the two related measures: life disparity e† and
lifetable entropyH. Calculations were performed using data from the Human Mortality
Database (2018) for females in the United States and Italy in 2005. The blue line repre-
sents g(x) from Equation (9). The threshold age aH occurs when g(x) crosses zero. The
red and grey lines display the same functions that Zhang and Vaupel (2009) used to find
the threshold age for e† rescaled to fit in the graph. The intersection of these two lines
denotes the threshold age a†. Finally, the dashed black line depicts the life expectancy at
birth. Vaupel, Zhang, and van Raalte (2011) noted that a† tends to fall just below eo. The
threshold age for the lifetable entropy aH is greater than a† and is very close above life
expectancy for these countries. Note the similarity between the formulas for a†, given by
H(a†) +H(a†) = 1, and aH , given by H(aH) +H(aH) = 1 +H.
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Figure 1: Threshold ages for life disparity (a†) and for the lifetable entropy
(aH), United States and Italy in 2005
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Source: Human Mortality Database (2018).

Panels a) and b) in Figure 2 illustrate the evolution over time of the threshold ages
for e† andH in French and Swedish females, respectively. We chose these countries be-
cause they portray large series of reliable data available at the Human Mortality Database
(2018).

Figure 2: Threshold ages for life disparity (a†) and for the lifetable entropy
(aH) compared to life expectancy at birth. French and Swedish
females, 1800–2016
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Values for a† are close to life expectancy throughout the period. However, around
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1950 there is a crossover between a† and eo such that a† remained close to life expectancy,
but below it most of the time. This result shows that values of a† below eo is a modern
feature of aging populations with high life expectancy. From the beginning of the period
of observation to the 1950s, the threshold age for the lifetable entropy was above life
expectancy for both countries. During some periods aH was roughly constant whereas eo
trended upward. After the 1950s, aH converged toward life expectancy.

4.2 The threshold age of the lifetable entropy within the Gompertz mortality model

We further analyze the relationship between aH and eo, assuming that the force of mor-
tality follows a Gompertz distribution with hazard µ(x) = α eβx, where x ≥ 0 denotes
the age and α,β > 0 are parameters. In Proposition 3 in the Appendix, we prove that
in the Gompertz model, the threshold age aH of the lifetable entropyH is approximately
proportional to eo by a factor δ, which only depends on parameters α and β, and the
Euler–Mascheroni constant γ ≈ 0.57722. A value of δ close to 1 indicates that mortality
is roughly following a Gompertz model.

Figure 3 shows the evolution over time of factor δ for French and Swedish females.
The observation that this value converges toward 1 could be explanatory for the conver-
gence of the threshold age and life expectancy at birth in modern mortality profiles. It
also indicates that modern mortality schedules are roughly Gompertzian. Therefore, it
can be speculated that differences between these two measures in earlier years are a con-
sequence of a big proportion of deaths occurring in ages where the force of mortality
does not follow a Gompertz, such as in infancy. This pattern is consistent with historical
trends which suggest that, from hunter-gathers to modern populations, death rates have
decreased at all ages, but mostly at younger ones (Burger, Baudisch, and Vaupel 2012).

http://www.demographic-research.org 91



Aburto et al.: The threshold age of the lifetable entropy

Figure 3: Factor value δ for threshold age under Gompertz distribution for
French and Swedish women
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4.3 Decomposition of the relative derivative ofH

The relative derivative ofH defined in Equation (1) can be decomposed between compo-
nents before and after the threshold age aH as follows:

Ḣ /H =

∫ ∞

0

ρ(x)w(x)W (x) dx

=

∫ aH

0

ρ(x)w(x)W (x) dx+

∫ ∞

aH
ρ(x)w(x)W (x) dx

=

{
ė†[x|x < aH ]

e†
− ėo[x|x < aH ]

eo

}

︸ ︷︷ ︸
Early life component

+

{
ė†[x|x > aH ]

e†
− ėo[x|x > aH ]

eo

}

︸ ︷︷ ︸
Late life component

(10)

If mortality reductions occur at every age, the early life component in Equation (10)
is always negative (contributing to reduce entropy) while the late life component is pos-
itive (contributing to increase entropy). Thus, it is clear that a negative relationship be-
tween life expectancy and entropy over time occurs if the early life component outpaces
the late life component. This decomposition is based on the additive properties of the
derivatives of life expectancy and e†, as previously shown by Vaupel and Canudas-Romo
(2003) and Fernández and Beltrán-Sánchez (2015).
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5. Conclusion

Several authors have been interested in decomposing changes over time in life expectancy
(Arriaga 1984; Vaupel 1986; Pollard 1988; Vaupel and Canudas-Romo 2003; Beltrán-
Sánchez, Preston, and Canudas-Romo 2008; Beltrán-Sánchez and Soneji 2011). Most
recently, scholars have also investigated how life disparity fluctuations over time can be
decomposed (Zhang and Vaupel 2009; Wagner 2010; Shkolnikov et al. 2011; Aburto and
van Raalte 2018; Aburto and Beltrán-Sánchez 2019). Here, we bring both perspectives
together and shed light on the dynamics behind changes in the lifetable entropy.

Leser (1955) first derived the lifetable entropy as the elasticity of life expectancy.
Keyfitz (1977) proposedH as a lifetable function “that measures the change in life ex-
pectancy at birth consequent on a proportional change in age-specific rates” (Keyfitz
1977: 413). Since then, several authors have been interested in this measure and its
use (Demetrius 1978, 1979; Mitra 1978; Goldman and Lord 1986; Vaupel 1986; Hakkert
1987; Hill 1993; Fernández and Beltrán-Sánchez 2015). Even though the lifetable en-
tropy and e† are both measures of lifespan variation, their demographic interpretation
differs. The former is defined as the elasticity of life expectancy due to changes in death
rates (Keyfitz 1968) whereas the latter one refers to the average years lost due to death
(Vaupel, Zhang, and van Raalte 2011). The life table entropy measures relative variability,
while e† measures absolute lifespan variation. Therefore, the lifetable entropy is appro-
priate to compare different shapes of age-at-death distributions across different species
and over time (Baudisch 2011; Wrycza, Missov, and Baudisch 2015), while e† has been
used to obtain insights about lifespan variation in different countries and in subpopula-
tion groups, for instance by occupational class or income (van Raalte, Martikainen, and
Myrskylä 2014; Brønnum-Hansen 2017). Both measures are meaningful and comple-
mentary, but the calculation of their threshold ages should be performed accordingly to
correctly interpret changes of age patterns of mortality.

In this article, we uncovered the mathematical regularities behind the changes over
time in the lifetable entropy. In particular, this study contributes to the existing literature
by showing that (1) the lifetable entropy can be decomposed as a weighted average of
rates of mortality improvements, and (2) there exists a unique threshold age that sepa-
rates positive from negative contributions to lifetable entropy as a result of reductions in
mortality over time.
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cupational class: compression or stagnation over time? Demography 51(1): 73–95.
doi:10.1007/s13524-013-0253-x.

van Raalte, A.A., Sasson, I., and Martikainen, P. (2018). The case for monitoring life-
span inequality. Science 362(6418): 1002–1004. doi:10.1126/science.aau5811.

Vaupel, J.W. (1986). How change in age-specific mortality affects life expectancy. Pop-
ulation Studies 40(1): 147–157. doi:10.1080/0032472031000141896.

Vaupel, J.W. and Canudas-Romo, V. (2003). Decomposing change in life expectancy: A

96 http://www.demographic-research.org



Demographic Research: Volume 41, Article 4

bouquet of formulas in honor of Nathan Keyfitz’s 90th birthday. Demography 40(2):
201–216. doi:10.1353/dem.2003.0018.

Vaupel, J.W., Zhang, Z., and van Raalte, A.A. (2011). Life expectancy and dispar-
ity: An international comparison of life table data. BMJ Open e000128: 1–6.
doi:10.1136/bmjopen-2011-000128.

Wagner, P. (2010). Sensitivity of life disparity with respect to changes in mortality rates.
Demographic Research 23(3): 63–72. doi:10.4054/DemRes.2010.23.3.

Wrycza, T. (2014). Entropy of the Gompertz–Makeham mortality model. Demographic
Research 30(49): 1397–1404. doi:10.4054/DemRes.2014.30.49.

Wrycza, T.F., Missov, T.I., and Baudisch, A. (2015). Quantifying the shape of aging.
PLoS ONE 10(3): e0119163. doi:10.1371/journal.pone.0119163.

Zhang, Z. and Vaupel, J.W. (2009). The age separating early deaths from late deaths.
Demographic Research 20(29): 721–730. doi:10.4054/DemRes.2009.20.29.

http://www.demographic-research.org 97



Aburto et al.: The threshold age of the lifetable entropy

Appendix

Proposition 1

Let e†(x) =
∫∞
x
d(a) e(a) da / `(x) be a measure of lifespan disparity above age x,

where d(a) accounts for the distribution of deaths, e(a) the remaining life expectancy at
age a, and `(x) is the probability of surviving from birth to age x. Then,

(A1) e†(x) =
1

`(x)

∫ ∞

x

`(a)
(
H(a)−H(x)

)
da,

where H(x) is the cumulative hazard to age x.

Proof. Note that

1

`(x)

∫ ∞

x

`(a)
(
H(a)−H(x)

)
da =

1

`(x)

∫ ∞

x

`(a)

∫ a

x

µ(y) dy da,

where function µ(y) is the force of mortality or hazard rate. By reversing the order of
integration, and using that e(y) =

∫∞
y
`(a) da / `(y) and d(y) = µ(y) `(y), we get

1

`(x)

∫ ∞

x

`(a)

∫ a

x

µ(y) dy da =
1

`(x)

∫ ∞

x

µ(y)

∫ ∞

y

`(a) da dy

=
1

`(x)

∫ ∞

x

µ(y) `(y) e(y) dy

=
1

`(x)

∫ ∞

x

d(y) e(y) dy

= e†(x),

which proves (A1). �

Proposition 2

Let `(x) be the probability of surviving from birth to age x. LetH be the lifetable entropy
andH(x) = e†(x) / e(x) the lifetable entropy conditioned on reaching age x. Let H(x)
be the cumulative hazard to age x. Then, g(x) := H(x) +H(x) − 1 −H is a strictly
increasing function.

Proof. In order to demonstrate that g(x) is a strictly increasing function it is sufficient to
show that its first derivative is always positive. We must prove that

(A2)
∂

∂x
g(x) =

∂

∂x

(
H(x) +H(x)− 1−H

)
=

∂

∂x
H(x) +

∂

∂x
H(x) > 0
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for all ages x.
By the fundamental theorem of calculus,

(A3)
∂

∂x
H(x) =

∂

∂x

∫ x

0

µ(a) da = µ(x),

whereas
∂

∂x
H(x) =

∂

∂x

(
e†(x)
e(x)

)
=

1

e(x)2

(
e(x)

∂

∂x
e†(x)− e†(x) ∂

∂x
e(x)

)
.

First, note that

∂

∂x
e†(x) =

∂

∂x

(
1

`(x)

∫ ∞

x

d(a) e(a) da

)

=
1

`(x)2

(
`(x)

∂

∂x

(∫ ∞

x

d(a) e(a) da

)
−
∫ ∞

x

d(a) e(a) da
∂

∂x
`(x)

)

=
1

`(x)2

(
`(x)

(
− d(x) e(x)

)
−
∫ ∞

x

d(a) e(a) da
(
− µ(x) `(x)

))

= −µ(x) `(x) e(x)
`(x)

+ µ(x)

∫∞
x
d(a) e(a) da

`(x)

= µ(x)
(
e†(x)− e(x)

)
.

(A4)

On the other hand,

∂

∂x
e(x) =

∂

∂x

(
1

`(x)

∫ ∞

x

`(a) da

)

=
1

`(x)2

(
`(x)

∂

∂x

(∫ ∞

x

`(a) da

)
−
∫ ∞

x

`(a) da
∂

∂x
`(x)

)

=
1

`(x)2

(
`(x)

(
− `(x)

)
−
∫ ∞

x

`(a) da
(
− µ(x) `(x)

))

= e(x)µ(x)− 1.

(A5)

Therefore, using (A4) and (A5), we get

∂

∂x
H(x) =

1

e(x)2

(
e(x)µ(x)

(
e†(x)− e(x)

)
− e†(x)

(
e(x)µ(x)− 1

))

=
1

e(x)2
(
e†(x) e(x)µ(x)− e(x)2 µ(x)− e†(x) e(x)µ(x) + e†(x)

)

=
e†(x)
e(x)2

− µ(x).

(A6)
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Finally, replacing (A3) and (A6) in (A2) yields

∂

∂x
g(x) = µ(x) +

e†(x)
e(x)2

− µ(x) = e†(x)
e(x)2

> 0,

which holds true for all ages since by definition e†(x) > 0 for all x ≥ 0. Hence, g(x) is
a strictly increasing function. �

Proposition 3

Assume the force of mortality follows a Gompertz distribution with hazard µ(x) = α eβx,
where x ≥ 0 denotes the age and α,β > 0 are parameters. Suppose mortality im-
provements over time occur at all ages, therefore there is a unique threshold age aH that
separates positive from negative contributions to the lifetable entropy H. Then, aH is
approximately proportional to the life expectancy at birth eo.

Proof. The cumulative hazard of the Gompertz model is given by

H(x) =
α

β

(
eβx − 1

)
,

where x ≥ 0 denotes the age and α,β > 0 are parameters. Following Wrycza (2014),
the lifetable entropy can be expressed in terms of the Gompertz parameters as

H =
1

β

(
1

eo
− α

)
,

where eo is the life expectancy at birth. Plugging these two expressions into function
g(x) from Equation (9) yields

(A7) g(x) =
1

β

(
α eβx − 1

eo

)
+H(x)− 1.

From Equation (A1) in Proposition 1, the lifetable entropy conditioned on surviving
to age x can be expressed as

H(x) =
e†(x)
e(x)

=

∫∞
x

`(a)
(
H(a)−H(x)

)
da∫∞

x
`(a) da

.

Using the above expressions in terms of the Gompertz parameters, it holds that the
lifetable entropy conditioned on surviving to age x is

H(x) =

∫∞
x
`(a) αβ

(
eβa − eβx

)
da

∫∞
x
`(a) da

=

∫∞
x
`(a)α eβa da

β
∫∞
x
`(a) da

− α

β
eβx

=

∫∞
x
`(a)µ(a) da

β e(x) `(x)
− α

β
eβx =

1

β

(
1

e(x)
− α eβx

)
.

(A8)
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The last step in (A8) uses the product `(a)µ(a) as the age-at-death distribution, which
then implies that

∫∞
x
`(a)µ(a) da = `(x). Thus, g(x) in (A7) reduces to

(A9) g(x) =
1

β

(
1

e(x)
− 1

eo

)
− 1,

where e(x) is the remaining life expectancy at age x. Equation (A9) implies that the
threshold age aH of the lifetable entropyH under the Gompertz model occurs whenever

e(x) =
eo

β eo + 1
.

Following Missov and Lenart (2013), the remaining life expectancy at age x in the
Gompertz case can be approximated by

(A10) e(x) ≈ 1

β
eα/β

(
− γ − ln(α/β)− β x

)
,

where γ ≈ 0.57722 is the Euler–Mascheroni constant. Hence, the threshold age occurs
whenever

e(x) ≈ 1

β
eα/β

(
− γ − ln(α/β)− β x

)
=

eo
β eo + 1

⇐⇒ x = −e−α/β eo
β eo + 1

− 1

β

(
γ + ln(α/β)

)
.

Note that (A10) implies that eo ≈ eα/β
(
− γ − ln(α/β)

)
/ β. Using this approxi-

mation,

aH ≈ − e−α/β eo
eα/β (−γ − ln (α/β)) + 1

+
eo

eα/β

=
eo

eα/β

(
1

eα/β (γ + ln (α/β))− 1
+ 1

)

= eo

(
γ + ln(α/β)

eα/β (γ + ln (α/β))− 1

)

= eo · δ,

(A11)

which proves that the threshold age aH of the lifetable entropyH for the Gompertz model
is (approximately) proportional to eo by a factor δ that only depends on parameters α, β,
and γ. �
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Abstract

Background: Reducing lifespan inequality is increasingly recognized as a health policy objective. Whereas lifespan
inequality declined with rising longevity in most developed countries, Danish life expectancy stagnated between
1975 and 1995 for females and progressed slowly for males. It is unknown how Danish lifespan inequality changed,
which causes of death drove these developments, and where the opportunities for further improvements lie now.

Methods: We present an analytical strategy based on cause-by-age decompositions to simultaneously analyze changes
in Danish life expectancy and lifespan inequality from 1960 to 2014, as well as current Swedish-Danish differences.

Results: Stagnation in Danish life expectancy coincided with a shorter period of stagnation in lifespan inequality (1975–
1990). The stagnation in life expectancy was mainly driven by increases in cancer and non-infectious respiratory mortality
at higher ages (−.63 years) offsetting a reduction in cardiovascular and infant mortality (+ 1.52 years). Lifespan inequality
stagnated because most causes of death did not show compression over the time period. Both these observations were
consistent with higher smoking-related mortality in Danes born in 1919–1939. After 1995, life expectancy and lifespan
equality increased in lockstep, but still lag behind Sweden, mainly due to infant mortality and cancer.

Conclusions: Since 1960, Danish improvements in life expectancy and lifespan equality were halted by smoking-
related mortality in those born 1919–1939, while also reductions in old-age cardiovascular mortality held back lifespan
equality. The comparison with Sweden suggests that Denmark can reduce inequality in lifespans and increase life
expectancy through a consistent policy target: reducing cancer and infant mortality.

Keywords: Demography, Lifespan variability, Cancer, Mortality, Public health

Background
Life expectancy at birth is one of the most commonly
used measures of the health status of a population and
the performance of the healthcare system [1]. It repre-
sents the average age at death if everyone experienced
the prevailing death rates throughout their lifetime.
Another important dimension is the uncertainty around
that expectation (i.e. the variation in ages at death)
which is also known as lifespan inequality [2]. Lifespan

inequality has become relevant for policy makers with
the growing interest in economic and health inequalities,
[3, 4] in particular because: [1] it is a marker of hetero-
geneity in age at death at the macro level, and [2] it is a
marker of uncertainty in the timing of death at the mi-
cro level [5–7]. Typically, early deaths are more com-
mon in underprivileged groups, simultaneously reducing
life expectancy and increasing lifespan inequality [8–11].
Both indicators may have implications for individuals’
decisions over their life course. For instance, when to in-
vest in education or when to retire are decisions based
on life expectancy but also on the uncertainty surrounding
the eventual time of death [10].
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Life expectancy is lower in Denmark than in Norway
and Sweden for females and males. From 1975 to 1995,
while their Scandinavian counterparts showed continu-
ous improvement, life expectancy stagnated among
Danish women, while Danish men experienced only slow
progress. For both sexes, life expectancy improved after
1995, but remains lower than in Sweden and Norway
[12]. Differences between Denmark and Sweden in life
expectancy have been thoroughly documented [13, 14].
Among females, the stagnation in life expectancy re-
sulted mainly from the increased mortality of those born
from 1919 to 1939, cohorts with high levels of smoking
and alcohol consumption compared to their Swedish
contemporaries [13, 14]. Similarly, smoking-related mor-
tality was considerably higher in Danish compared to
Swedish males because of the widespread use of snus in-
stead of cigarettes in Sweden [15]. While these factors
are known contributors to life expectancy differences,
[16] their effects on lifespan inequality differences are un-
known. Previous evidence has shown mixed results for the
effects of smoking on lifespan inequality: little to no effect
on the Finnish population, [17] while it increased lifespan
inequality in some European countries [18].
The Danish case, juxtaposed with Sweden, is inter-

esting given the shared history, culture and similar-
ities in their healthcare systems [19]. It is unknown
how the different age and cause-of-death mortality
trends in the two countries would extend to lifespan
inequality patterns.
Because life expectancy and lifespan inequality tend to

be negatively correlated [5, 7] we hypothesize that 1)
during the last decades, Denmark experienced higher
lifespan inequality relative to Sweden in females and
males; 2) the 1975–1995 stagnation in life expectancy of
Danish women was accompanied by stagnation in life-
span inequality; 3) the slow increase in life expectancy
for males in the same period was accompanied by slow
reduction of lifespan inequality. Because it is
well-documented that smoking in the interwar Danish
female cohorts was a major cause of the 1975–1995
stagnation in Danish female life expectancy, [14] we
hypothesize that 4) any 1975–1995 stagnation in lifespan
inequality can be attributed to smoking-related deaths in
these cohorts.
Hence, we analyze data since 1960 for Denmark and

Sweden to make a cause-by-age analysis of changes in
life expectancy and lifespan inequality for both sexes.

Methods
Mortality and cause of death data
Period lifetables by sex and single year of age (0–110+)
were retrieved from the Human Mortality Database [12]
for Denmark and Sweden for the period 1960 to 2014.
Cause-of-death data were taken from the WHO Mortality

Database to compute the proportion of deaths by cause,
age, and sex in a given year [20]. Cause-of-death data are
available in 5-year age and single year categories. To
increase the accuracy of the resulting estimates, [21] causes
of death were ungrouped into single years of age using
efficient estimation of smooth distributions [22].

Cause-of-death classification
Data on causes of death were classified using the seventh,
eighth, ninth and tenth revisions of the International
Classification of Diseases (ICD) for the period studied
[23]. Deaths were grouped into seven major cause-of-death
categories aimed at capturing conditions that might have af-
fected mortality in these countries. We considered that
smoking prevalence was comparatively high among women
(and still remains higher) in Denmark; [14, 24] that the de-
crease in mortality from heart conditions (cardiovascular
revolution) took place during the studied period; [25] and
that the management of infectious diseases has improved
greatly over the past half century [26]. Hence, we grouped
causes of death up to age 84 as follows: 1) Cancers sensitive
to smoking, [27] 2) Cancers not sensitive to smoking, 3)
Cardiovascular diseases, 4) Non-infectious respiratory dis-
eases, 5) Infectious respiratory diseases, 6) External causes
and 7) Rest of causes. For ICD codes and details on the clas-
sification see Additional file 1: Table S1. Causes of death
above age 85 were not decomposed, because of lower reli-
ability in the presence of multi-morbidities [28]. Our group-
ings over the various ICD revisions were cross-checked to
be consistent with other coding practices across ICD ver-
sions in the literature [29]. We also checked for discontinu-
ities in death counts for each of the seven cause-of-death
groups over ICD transition years (Additional file 2:
Figure S2A and S2B). There were no major breaks at
years when ICD versions changed, indicating that cause-
specific mortality changes were real and not attributable
to inconsistencies in coding practice.

Lifespan inequality measure
Several dispersion measures have been proposed to
analyze lifespan inequality [30]. Here, we use the coeffi-
cient of variation (CoV), which is the standard deviation
divided by the mean of the lifetable age-at-death distri-
bution, i.e. life expectancy (A See Additional file 1,
Section 2 for a brief description). CoV has been found to
be a good indicator of lifespan inequality [31]. The
strong correlation between dispersion indicators sug-
gests that main conclusions and results would not differ
much between measures used [30, 32, 33]. Life expect-
ancy and lifespan inequality (CoV) were calculated for
Denmark and Sweden throughout 1960–2014.
A particular attribute of lifespan inequality indicators

is the threshold age that separates the ‘young-age com-
ponent’, also called premature mortality, from the ‘old-
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age component’ [8]. Saving lives at any age result in in-
creasing life expectancy. For lifespan inequality, improve-
ments below the threshold age decreases inequality, while
improvements above increase lifespan inequality.

Decomposition techniques
Cause-by-age decompositions of the changes in life
expectancy and lifespan inequality in Denmark and
Sweden were made from 1960 to 2014 using standard
decomposition techniques [34]. These decompositions
allow us to attribute the age and causes responsible for
changes in life expectancy or lifespan inequality between
any two periods, for instance between 1975 and 1995.1

We quantified the cause-by-age contributions to the
current differences in life expectancy and lifespan in-
equality between Denmark and Sweden for females
and males.

Results
Trends in lifespan inequality and life expectancy 1960–2014
The 1975–1995 stagnation in life expectancy for Danish
females was accompanied by a shorter period of stagna-
tion in lifespan inequality (Fig. 1a). Swedish females ex-
perienced a decrease in inequality and increase in life
expectancy throughout the period (Fig. 1a). For males in
both countries, life expectancy increase was slow in
1960–1980, but accelerated thereafter, while the decrease
in lifespan inequality was more monotonic (Fig. 1b).

Decomposition of changes in life expectancy and lifespan
inequality for Denmark
Between 1960 and 1975, Danish female life expectancy
increased from 74 to 77 years mainly due to reductions
in infant mortality and mid- and old-age cardiovascular
mortality (Fig. 2). For males1, infant mortality was also
reduced, but the contribution from cardiovascular dis-
eases was absent (see Additional file 3: Figure S1),
resulting in a small increase in life expectancy from
70.4 to 71.3 years. For both sexes, lifespan inequality
was reduced mainly because of the reduction in infant
mortality.
Between 1975 and 1995, Danish female life expectancy

stagnated at about 77 years because a continued reduction
in infant mortality and old-age cardiovascular mortality
was offset by an increase in (mainly smoking-related) can-
cer and non-infectious respiratory mortality between ages
55 and 85 (Fig. 2). Also, reduction in cardiovascular mor-
tality was lower in Danish females relative to Danish males
and Swedish females (Additional file 3: Figure S1). The
impact of mortality change on lifespan inequality is more
complicated due to the presence of the threshold age
described earlier: at younger ages mortality reduction re-
sults in deaths being compressed into a narrower age
range, reducing lifespan inequalities. At older ages mortality

reduction stretches out the right tail of the age-at-death
distribution, increasing lifespan inequality. Overall,
lifespan inequality was mostly unchanged among
Danish females because there was little compression
of mortality for most causes. Increases in smoking-re-
lated cancer and non-infectious respiratory diseases
were apparent over both these ‘younger’ and ‘older’
ages with opposite effects, but on balance increased
lifespan inequality during the period (Fig. 2). For
males, the reduction in lifespan inequality was larger
than for females, mainly driven by a reduction in infant
mortality and early-life external mortality (Additional file 3:
Figure S1).
Between 1995 and 2014, Danish female and male life

expectancy increased (from 77.8 to 82.7 and 72.7 to
78.6, respectively) due to almost all causes, particularly
cardiovascular conditions which occurred over adult
ages. As for lifespan inequality, for both sexes all ages
and all causes up to around the life expectancy reduced
inequality, while a reduction in cardiovascular mortality
at ages higher than life expectancy increased inequality.

Decomposition of current differences in life expectancy
and lifespan inequality between Denmark and Sweden
Currently (2014),2 life expectancy is higher in Sweden
than in Denmark for both sexes due to almost all causes
at all ages, with the major exception of external mortal-
ity being higher in Sweden than in Denmark at all ages,
in particular over ages 15–35 (Fig. 3). Two major classes
of mortality where Denmark is doing worse than
Sweden could be identified. First, infant mortality is
higher in Denmark than in Sweden (by a factor two).
Second, mid- and old-age cancer mortality is higher
in Denmark than in Sweden. Other recent years showed
the same pattern.
For lifespan inequality, the same holds: infant mortal-

ity and mid-life cancer mortality increase Denmark’s
disadvantage relative to Sweden, somewhat offset by
lower external mortality between ages 15 and 35 (Fig. 3).
However, Denmark’s life expectancy disadvantage relative
to Sweden is mainly due to mid- and high-age cancer
mortality, while Denmark’s lifespan inequality disadvan-
tage is mainly due to higher infant mortality (Fig. 3).

Potential gains in Danish life expectancy if lifespan
inequality were reduced towards Swedish levels
Reducing mortality from cancers below age 85 would
decrease the gap in lifespan inequality by 31 and 22% for
females and males, respectively (Table 1). This translates
into gains in life expectancy of 0.57 years for females
and 0.66 years for males, respectively 44 and 37% of the
overall life expectancy gap. Reducing infant mortality
(from all causes) to Swedish levels would reduce lifespan
inequality by 46% for females and 49% for males. This

Aburto et al. BMC Public Health  (2018) 18:831 Page 3 of 9



would be translated into gains in life expectancy of
.14 years for females and .16 years for males, respectively
10 and 9% of the total gap.
Achieving Swedish levels in cardiovascular conditions

would decrease the gap in lifespan inequality by almost
10% in both sexes and increase life expectancy by about
3 months. Conversely, if Sweden were to achieve the
level of Danish external mortality, it would benefit by
two additional months of life expectancy for both
sexes. Mortality above age 85 has negligible effect on
the difference between Denmark and Sweden in life-
span inequality.

Discussion
In this study, we found that the same causes and age
groups that held back Danish life expectancy in 1975–
1995, especially for females, also held back lifespan
equality in the same period. Although lifespan inequality

has declined and life expectancy has increased since the
late 1990s, Denmark still lags its Scandinavian counter-
parts, despite similarities in social and healthcare systems.
The comparison with Sweden suggests that Denmark can
now reduce inequality in lifespans and increase life expect-
ancy through the same policy targets: cancer and infant
mortality. This suggests an important social development,
but also a clear policy target.
Reducing lifespan inequality cannot be the only policy

goal, since this would neglect the interests of those who
have already lived to higher ages: The effect of mortality
reduction on lifespan inequality is large and negative at
age zero, decreases with increasing age, and reverses at a
unique threshold age, so that mortality reductions above
this threshold age increase lifespan inequality [5, 35].
Therefore, the causes that extend average lifespan and
the causes that reduce lifespan inequality are not neces-
sarily the same [36]. Smoking-related mortality is a clear

a

b

Fig. 1 Life expectancy (panel a) and lifespan inequality (panel b) trends from 1960 to 2014 for Denmark and Sweden by sex. The shaded area refers
to the period of life expectancy stagnation in Danish females 1975–1995
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example of this. In Denmark, life expectancy stagnated
over the 1975–1995 period because mortality reduction
from most causes of death was offset by mortality in-
crease from smoking-related causes. These increases in
smoking-related mortality had a smaller net impact on
lifespan inequality compared to life expectancy over the
same period, since smoking-related mortality occurred
both below and above the threshold age. By the latest
period 1995–2014, however, reduction in smoking-re-
lated mortality was comparatively more important for
decreases in lifespan inequality (19.4%) than increases in
life expectancy (11.2%). In general, the impact of smok-
ing on lifespan inequality is dependent on both the age
of smokers compared to non-smokers (the maturity of

the smoking epidemic), as well as the actual impact of
smoking on mortality at different ages [17]. Similar to
what was found in a comparison of G7 countries, [36]
reductions in injuries and child mortality were relatively
more important for lifespan inequality decrease than for
life expectancy increase.
In the 1975–1995 period, non-smoking cancers also

contributed (albeit to a small extent) to reductions in life
expectancy and increases in lifespan inequality. The con-
servative definition of smoking-related cancers in this
paper is one explanation for this phenomenon. Compet-
ing risks is another: people who previously died of other
causes could die of cancer, and these increased cancer
rates would show up as holding back life expectancy. In

a

b

Fig. 2 Age and cause contributions to changes in life expectancy (panel a) and lifespan inequality (panel b) between 1960 and 1975, 1975–1995
and 1995–2014 for Danish females. Note: Age 0 is truncated in panel B since it accounts for the largest contribution
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this respect, we note that non-smoking related cancer
was on the rise also in Sweden, so it is likely not a
phenomenon specific to Denmark. Specifically for Danish
females, other risk-taking behavior may have led to in-
creased cancer rates in general [13, 14].
Causes of death that drive within-country changes in

lifespan inequality are not necessarily the same as the
causes of death that drive contemporary gaps between
countries [37]. However, the comparison with Sweden
suggests that Denmark can simultaneous increase life
expectancy and decrease lifespan inequality by targeting

two main causes of death: cancer and infant mortality.
Reducing lifespan inequality towards Sweden by these
conditions would lead to an increase of 0.7 and 0.8 years
in life expectancy for females and males in Denmark, re-
spectively. To put this in perspective, in 2014 the infant
mortality rate in Denmark is twice as high as in Sweden,
which is one of the lowest among developed countries
[12]. Although mortality at very young ages may be af-
fected by different registration practices in high income
countries (e.g. non-viable live births registered as still-
births), [38] the Nordic countries do not show evidence

a

b

Fig. 3 Age and cause contributions to the gap in life expectancy (Panel a) and lifespan inequality (Panel b) with Sweden in 2014 by sex
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of such patterns [39]. Moreover, even after controlling
for gestational age Sweden showed lower infant mortality
rates than Denmark [40]. Thus, infant mortality is the lar-
gest single contributor to the gap with Sweden in terms of
lifespan inequality. Preventive policies focusing on pre-
natal risk factors and improving maternal health before
and during pregnancy, [41] as well as efforts to reduce the
risk of sudden infant death syndrome [42] could help to
reduce infant mortality towards Swedish levels.
Targeting cancer is another clear public health inter-

vention to reduce lifespan inequality and increase life ex-
pectancy in Denmark, confirming the priority given to
this objective for the last two decades through the
National Cancer Plans [43]. Our results show that im-
provements in cancer mortality have had an effect on
both health indicators over the last 20 years. However,
Denmark had the highest mortality rates from all neo-
plasms in the European region, and the female popula-
tion exhibited the highest lung cancer mortality rates
[24]. This is in line with our comparison with Sweden
and with previous evidence highlighting the role of
smoking behaviors on life expectancy trends [14].
For Sweden, the decomposition results suggest that

young-age external mortality can be further reduced.
According to the WHO, males in Denmark have lower
age-standardized external mortality rates (39 per
100,000) than Sweden and Norway (50.6 and 52 respect-
ively) in 2014 [44]. Our results further show that these
differences are concentrated between ages 15 and 40.

Moreover, since the late 1990s, Swedish and Norwegian
males have experienced higher suicide rates between
ages 15 and 24 [45].
The mere observation that Sweden is doing better

than Denmark for most causes of death does not mean
that Denmark could easily do better. However, it does
provide a starting point for public health intervention.
For instance, previous evidence suggests that focusing
on vulnerable and less socially advantaged subgroups
may reduce suicide rates among the young [45, 46].
For other countries that lag a comparable country,

similar decompositions can be made. This may not re-
sult in a clear and consistent message: causes of death
that hold back life expectancy may not be the same as
the causes of death that hold back equality. Yet if it does,
as in the case of Denmark when compared to Sweden,
the benefits are substantial, because the policy goals can
be so clearly stated. We therefore suggest that this
method could be a valuable tool for epidemiologists and
policy makers alike.
As any cause of death analysis, our study has the limi-

tations that: 1) causes of death are treated as mutually
exclusive, while they may not be (e.g., poor sight due to
diabetes may lead to an accident); 2) medical doctors
and even coroners have imperfect knowledge about
causes of death; and 3) trends in awareness of certain
diseases and changing insights in disease processes affect
classification. Yet through using otherwise high-quality
data and broad categories of causes of death, we believe

Table 1 Potential gains in life expectancy in Denmark if inequality is reduced (%) to Swedish levels in 2014 by cause of death

Sex Cause of death category and
mortality above age 85

Reduce gap with
Sweden in CoV (%)

Reduction in life
expectancy gap with Sweden (%)

Potential Gains in life
expectancy (years)

Females 1 Smoking-related cancer 18% 25% 0.35

2 Non-Smoking related cancer 13% 16% 0.22

3 Cardiovascular 10% 15% 0.21

4 Respiratory-Infectious 2% 2% 0.03

5 Respiratory-Non-infectious 7% 17% 0.23

6 External −26%a −11%b −0.15

7 Other 71% 40% 0.55

Above age 85 5% −3%b −0.05

Males 1 Smoking-related cancer 15% 26% 0.47

2 Non-Smoking related cancer 7% 10% 0.19

3 Cardiovascular 10% 19% 0.33

4 Respiratory-Infectious 1% 3% 0.05

5 Respiratory-Non-infectious 5% 7% 0.12

6 External −26%a −11%b −0.19

7 Other 92% 43% 0.77

Above age 85 0.0 0.0 0.04
aIncreases the gap with Sweden. Represents potential gains for Sweden if they achieve the levels of Denmark
bIncreases the gap with Sweden in life expectancy
Note: the sum of percentages differs from 100% due to rounding
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we have achieved a useful, workable grouping of causes
of death. In addition, we performed a sensitivity analysis
to assure consistency of grouping across ICD versions
and did not find significant variation when ICD revisions
changed (Additional file 2: Figure S2). In addition,
although the correlation between lifespan indicators
suggest that our results would not differ had we used a
different indicator, relative inequality indicators (e.g. co-
efficient of variation) differ in properties from indicators
that measure absolute lifespan inequality (e.g. standard
deviation). To alleviate any concern we replicated our
results using the standard deviation (Additional file 4:
Figure S3, Additional file 5: Figure S4, Additional file 6:
Figure S5, Additional file 7: Figure S6) and did not find
major differences.
Lifespan inequality is an important dimension of

population health. By looking at this dimension we could
disclose how lifespans differ within Denmark and
Sweden. Moreover, our decomposition by age and cause
of death allowed us to identify conditions and ages that
contribute the most to lifespan inequality changes, and
we were able to translate them into potential gains in life
expectancy if efforts were concentrated in these ages
and causes of death.

Conclusions
Lifespan inequality together with life expectancy gives a
broader perspective on the effect of mortality changes
on population health. Our results show that life expect-
ancy and lifespan inequality have been negatively corre-
lated since at least 1960 in Denmark. Currently,
Denmark lags Sweden both in terms of high life expect-
ancy and low inequality due to two main causes: infant
mortality and cancer. Denmark therefore has a clear and
consistent public health policy target: reduce infant mor-
tality and cancer mortality. Our approach demonstrates
how reduction in lifespan inequality as a policy target
can be translated into gains in life expectancy.

Endnotes
1We have created an interactive app where the reader

can analyze any period he/she might be interested in for
any sex. Available online app.

2Results for any year from 1960 to 2014 and for
Denmark vs Sweden available in online app.
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Table 1. ICD code for the cause-of-death classification.  

 
Cause of Death ICD-7 ICD-8 ICD-9 (Sweden) ICD-10 

Cancer, smoking-related A044-A050, A052, 157, 

180-181 

A045-A051, A055, 157, 

188-189 

B08, B090-B094, B096, 

B100-B101, 180, 188-189 

C00-C21, C25, C30-C34, C53, C64-C68 

Cancer, not smoking-related A051, A053-A056, A058-

A059, 155-156, 158-160, 

164-165, 175-176, 178-

179, 192-195, 198-199 

A052-A054, A056-A057, 

A059-A60, 155-156, 158-

160, 163, 171, 183-184, 

186-187, 190-199 

B095, B099, B109, B11, 

B13-B14, 179, 181-187 

C22-C24, C26, C37-C39, C40-C41, C43-

C52, C54-C58, C60-C63, C69-C97 

Cardiovascular A063, A070, A079-A086 A064, A080-A088 B181, B25-B30 E10-E14, I00-I99 

Respiratory, infectious A087-A092, A095 A089-A092, A095 B310-B312, B320-B322 J00-J06, J09-J18, J20-J22, J34.0, J36, J39.0, 

J39.1, J85, J86 

Respiratory, non-infectious A093, A094, A096, A097 A093, A094, A096 B313-B315, B319,  B323-

B327, B329 

J30-J33, J34.1-J34.3, J34.8, J35, J37, J38, 

J39.2, J39.3, J39.8, J39.9, J40-J47, J60-J70, 

J80-J82, J840-J841, J848-J849, J90-J99 

External A138-A150 A138-A150 B47-B56 S00-T89, V01-Y84 

Other A001-A043, A060-A062, 

A064-A069, A071-A078, 

A098-A137 

A001-A044, A061-A063, 

A065-A079, A097-A137 

B01-B07, B184-B185, 

B15-B17, B180, B182-

B183, B189, B19-B23, 

B33-B46 

A00-B89, B99, D00-D48, D50-D89, E00-

E07, E15-E16, E20-E35, E40-E46, E50-

E68, E70-E90, F00-F99, G00-G99, H00-

H59, H60-H95, K00-K93, L00-L99, M00-

M99, N00-N99, O00-O99, P00-P96, Q00-

Q99, R00-R99 



1. Details on the classification 

Primary malignancies that are sensitive to smoking are found predominantly in the respiratory, 

digestive and genitourinary tracts, in line with the principle that where smoke or its products pass, the 

risk of cancer rises. Primary malignancies in the gastrointestinal tract from mouth to anus were classified 

as sensitive to smoking, with the exception of liver cancer, for which detail could not be reconstructed 

across ICD versions (see below). Cancer in the respiratory tract was also classified as sensitive to smoking. 

In addition, it has been proven that smoking causes cancer of the uterine cervix, the ovaries (mucinous 

carcinoma), the bladder, the kidney (pelvis and body) and the ureter. For mucinous carcinoma of the 

ovaries, detail could not be reconstructed across ICD versions (see below). Malignancies in the urinary 

tract were classified as being sensitive to smoking.  

The resolution of the ICD classification has grown substantially over the years. As we analyzed 

deaths from 1960 through 2014, we used ICD-7 through ICD-10. The specifically identified categories 

“cancer sensitive to smoking” and “respiratory infectious”, are based on the smallest common 

denominator: only if a specific disease could be separately identified across ICD versions did we include 

it in these groups. For instance, myeloid leukemia is associated with smoking, but ICD-7 and -8 contain 

only a category ‘leukemia’, without subclassification. Hence, for reasons of consistency across 

classifications, myeloid leukemia is considered as not sensitive to smoking throughout. Also, ICD-7 and 

ICD-8 have an overall rest group for malignant neoplasms, while ICD-9 and ICD-10 have rest groups 

for each tract, if known. Because ICD-7 and ICD-8 do not have these detailed rest groups, rest groups 

were classified as not sensitive to smoking for all ICDs. 

 

 

 

 



2. Brief description of the indicator 

In lifetable notation, it is: 

𝐶𝐶𝐶𝐶𝑉𝑉𝑎𝑎 =
�∫ (𝑥𝑥 − 𝑒𝑒𝑎𝑎)2𝑓𝑓(𝑥𝑥)d𝑥𝑥𝜔𝜔

𝑎𝑎

∫ ℓ(𝑥𝑥)d𝑥𝑥𝜔𝜔
𝑎𝑎

=
𝜎𝜎𝑎𝑎
𝑒𝑒𝑎𝑎

.              (1)               

Where 𝑎𝑎, 𝑒𝑒𝑎𝑎 ,𝜎𝜎𝑎𝑎 and 𝜔𝜔 denote the starting age at death of the density function, life expectancy at age 𝑎𝑎, the 
standard deviation at age 𝑎𝑎, and the open-aged interval (110+ in our case), respectively. We study the coefficient 
of variation from birth, i.e. 𝑎𝑎 = 0. 

 

  



Figure S1. Age and cause contributions to changes in life expectancy (panel A) and lifespan inequality 
(panel B) between 1960 and 1975, 1975–1995 and 1995–2014 for Danish males. Note: Age 0 is 
truncated in panel B since it accounts for the largest contribution.  

 
 

 



Figure S2A and S2B. Death counts by cause-of-death group for Denmark (A) and Sweden (B). 
Colored-vertical lines indicate changes in ICD versions. For example, in the case of Denmark, the 
green vertical line indicates the change from ICD 7 to ICD 8, which was in 1969. (ZIP 269 kb) 

 

 

  



 

 

 



Figure S3. Trends in the standard deviation for Sweden (green) and Denmark (red). 

 

Figure S4. Age and cause-decomposition of the change in the standard deviation over time for Danish 
females. Note: the age zero is truncated for visualization purposes. 

 

 

  



Figure S5. Age and cause-decomposition of the change in the standard deviation over time for Danish 
males. Note: the age zero is truncated for visualization purposes. 

 

Figure S6. Age and cause-decomposition of the difference in the standard deviation between Denmark 
and Sweden 2014.  
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mortality since the 1960s. Long periods of stagnating life expectancy were
followed by rapid increases in life expectancy and, in some cases, even more
rapid declines, before more recent periods of improvement. These trends have
been well documented, but to date, no study has comprehensively explored
trends in lifespan variation. We improved such analyses by incorporating life
disparity as a health indicator alongside life expectancy, examining trends since
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Introduction

The twentieth century was marked by sizable improvements in mortality and health in
most countries in the world (World Health Organization 2000). However, these improve-
ments were unevenly shared in the second half of the past century: parts of Central and
Eastern Europe (CEE) experienced an unprecedented period of stagnation and, in some
countries, decreases in life expectancy at birth around the mid-1960s (Human Mortality
Database 2016). The long-term combination of a failure to complete the epidemiologic
transition by reducing cardiovascular diseases (Caselli et al. 2002) and fluctuation in
alcohol consumption and violence, particularly in the countries of the former Soviet Union
(FSU) (Bye 2008; Leon et al. 1997), led to lower levels of life expectancy and larger
within-country mortality inequalities according to education level in this region compared
with countries in Western Europe (Mackenbach et al. 2008). The high mortality among
young men is at the heart of the unstable Eastern European trends in life expectancy
(McKee and Shkolnikov 2001). For example, male life expectancy stagnated at a level
between 65 and 70 years from the 1960s to the mid-1980s in most countries of the region.
Russia experienced the lowest male life expectancy in the region over this period, which
was followed by a brief period of sizable improvements in life expectancy due to
Gorbachev’s anti-alcohol campaign (Leon and Shkolnikov 1998). After 1987, the mor-
tality experiences in the region diverged. Life expectancy increased continuously in parts
of Central Europe. The remaining countries, particularly those from the FSU, experienced
a pronounced period of deterioration up to the mid-1990s. Mortality increases among
Russian and Latvian men were especially sharp, with life expectancy losses of approxi-
mately 7.5 years between 1987 and 1994, which led to levels not seen since the 1950s
(Shkolnikov et al. 2001). Since the mid-1990s, life expectancy has mostly been increasing
throughout the region but at different rates. As a result, large regional differences in
survival have emerged. For instance, the 2010 gap in male life expectancy between
Slovenia and Russia was more than 13 years (Human Mortality Database 2016).

National trends in life expectancy are important and have been extensively studied in
the region (Leon 2011; Meslé 2004; Meslé et al. 2000; Rychtarikova 2004; Shkolnikov
et al. 2001, 2006). Nonetheless, as an indicator of average survivorship, life expectancy
conceals considerable heterogeneity in individual mortality trajectories (Edwards and
Tuljapurkar 2005; Wilmoth and Horiuchi 1999). This age-at-death variation, hereafter
referred to as life disparity or lifespan variation, is an important dimension of inequality
because it summarizes this heterogeneity at the population level and uncertainty in the
timing of death at the individual level. Until now, trends in lifespan variation have mostly
been studied in the context of mortality decline at all ages (Edwards and Tuljapurkar 2005;
Smits andMonden 2009; Vaupel et al. 2011). Alongside increases in life expectancy, ages
at death have become more predictable (i.e., lifespan variation has decreased) because
mortality decline over young ages has outpaced mortality decline at older ages,
compressing most deaths into a narrower age window (Vaupel et al. 2011).

This need not be the case. At the subpopulation level, numerous instances have been
documented of lifespan variation increase occurring alongside increases in life
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expectancy (Brønnum-Hansen 2017; Sasson 2016; Seaman et al. 2016; van Raalte et al.
2014), mainly because of stalls in working-age mortality decline occurring alongside
continued old-age mortality decline. To date, no comprehensive studies have explored
lifespan variation under periods of life expectancy decline.

We complement the literature by focusing on the CEE case, which shows atypical
periods of mortality upheaval and substantial life expectancy changes. This region is
particularly interesting because its age pattern of mortality change was very different
from that observed in Western countries (Meslé 2004). Given that the largest deviations
in age-specific mortality occurred over working ages (Rehm et al. 2007), it is a priori
unclear what the net effect would be on variability. We analyzed how lifespan variation
has changed since the 1960s for 12 countries from this region and determined the ages
and causes of death that contributed the most to the observed change in lifespan
variation, with a particular focus on the impact of alcohol-attributable mortality.

Data and Methods

Dispersion Measure and Demographic Methods

For each population, we investigated life expectancy and lifespan variation since birth.
We did not analyze variability at death conditioned on survival to a childhood age, as
previous studies have done (e.g., Edwards and Tuljapurkar 2005; Smits and Monden
2009) because of the arbitrariness of choosing a starting age and because infancy and
childhood are major contributors to lifespan inequalities that we did not want to
overlook. We focused on five periods determined by trends in the coefficient of
variation of male life expectancy: (1) stagnation, from 1960 to 1980; (2) improvements,
from 1980 to 1988; (3) deterioration, from 1988 to 1994; (4) divergence, between 1994
and 2000; and (5) convergence thereafter. Periods were initially determined using a
divisive hierarchical estimation algorithm for multiple change-points analysis.1 The
statistical break points were 1960, 1976, 1986, 1993, and 2001. To ease the interpre-
tation of the results, we instead used complete decades or historical events, which were
all within three years of the cut points. For example, the period 1960–1979 (complete
years) included the two decades with no substantial changes in the coefficient of
variation between life expectancies. The next break point (1986) was extended to
1988 to include the entirety of Gorbachev’s anti-alcohol campaign, which was imple-
mented in the period 1985–1988. The following break point (1993) was used exactly
because it allows the period 1988–1993 to include the dissolution of the Soviet Union
in late 1991 as well as the largest drops in life expectancy in Russia, Latvia, Estonia,
and Lithuania and the less marked drops in Ukraine, Belarus, and Bulgaria in 1992–
1993. Finally, the year 2001 was changed to 2000 to coincide with start with the
twenty-first century.

Several dispersion measures have been proposed to analyze lifespan variability (van
Raalte and Caswell 2013; Wilmoth and Horiuchi 1999). In this study, we used life
disparity (e†) as a dispersion indicator (Vaupel and Canudas-Romo 2003). Life disparity

1 Using the package ecp in R.
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is defined as the average remaining life expectancy when death occurs, or life years lost
due to death. For example, when death is highly variable, some people will die well before
their expected age at death, contributing many lost years to life disparity. When survival is
highly concentrated around older ages, the difference between the age at death and the
expected remaining years decreases, and life disparity decreases. It can be expressed as

e† ¼ ∫ω0d að Þe að Þda; ð1Þ

where d(a), ω, and e(a) are the deaths distribution, the open-aged interval (110+ in our
case), and remaining life expectancy, respectively.2We selected this measure because of its
easy public health interpretation as the average life expectancy losses attributable to death
(Shkolnikov et al. 2011) and because of its decomposable and additive properties (Zhang
and Vaupel 2009). The e† measure has the additive property that after it has been
decomposed by age between two periods, the sum of every age-specific contribution to
the difference is the total change in e† between these two periods. These properties allow
us to quantify the impact of mortality at different ages and from different causes and to
separate ages that decrease lifespan variability from those that increase it by using
demographic methods (Shkolnikov et al. 2011; Zhang and Vaupel 2009). An important
attribute of e† is the so-called threshold age at which mortality improvements have zero
effect on lifespan variation (Zhang and Vaupel 2009). Progress in saving lives below this
age reduces variation (also called premature deaths), whereas progress above this age
increases variation in lifespans (Vaupel et al. 2011).

The decomposition method used here is based on the line integral model (Horiuchi
et al. 2008). Suppose that f (e.g., e†) is a differentiable function of n covariates (e.g.,
each age-cause specific mortality rate) denoted by the vector A = [x1, x2, . . . , xn]T.
Assume that f and A depend on the underlying dimension t, which is time in this case,
and that we have observations available in two time points, t1 and t2. Assuming that A is
a differentiable function of t between t1 and t2, the difference in f between t1 and t2 can
be expressed as follows:

f 2 − f 1 ¼ ∑
n

i ¼ 1
∫xi t2ð Þ
xi t1ð Þ

∂ f
∂xi

dxi ¼ ∑
n

i ¼ 1
ci; ð2Þ

where ci is the total change in f (e.g., e†) produced by changes in the ith covariate, xi.
The cis in Eq. (2) were computed by numerical integration following the algorithm
suggested by Horiuchi et al. (2008) and implemented by Riffe (2018). This method has
the advantage of assuming that covariates change gradually along the time dimension.

We decomposed changes in life expectancy and lifespan variation by single age,
period, and cause of death. For the age-cause decomposition, we used the five-year age
group mortality rates from the Human Cause-of-Death Database (2016). All the
calculations were performed using R (R Core Team 2000) and are fully reproducible
with the available code3 and additional information.

2 The discrete formula from life table functions used is ∑109
x ¼ 0 d xð Þ½ e xð Þ þ a xð Þ � e xþ 1ð Þ½ð − e xð Þ�Þ� þ d

110þð Þ � e 110þð Þ:
3 The code is available online (https://goo.gl/wmpXjJ).
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The close relationship with other lifespan variation indices, such as Keyfitz’s life
table entropy (Vaupel and Canudas-Romo 2003), and the high correlation between
them suggest that conclusions would likely be the same regardless of the measure
chosen (van Raalte and Caswell 2013; Vaupel et al. 2011; Wilmoth and Horiuchi 1999).

Data

We used all-cause death counts, population exposures, and period life tables from the
Human Mortality Database (2016) for 12 countries from 1960 to the most recent year
available in the data set. The countries included in the study were from what will
subsequently be referred to as (1) Central Europe (Bulgaria, Czech Republic, Hungary,
Poland, Slovakia, and Slovenia), (2) the Baltic countries (BC: Estonia, Latvia, and
Lithuania), and (3) other FSU countries (Belarus, Russia, and Ukraine). Data for
Slovenia were available only from 1983. The data are by single age, year, sex, and
country.

Cause-of-death data came from the newly developed Human Cause-of-Death Data-
base (2016), which provides coherent cause-specific mortality data time series from
1994 to 2010 for eight of the countries in the study (Belarus, Czech Republic, Poland,
Russia, Ukraine, Estonia, Latvia, and Lithuania). A universal and standardized meth-
odology was undertaken to redistribute deaths between 104 disease categories in five-
year age groups for inclusion in the database. We used these data to obtain the cause-
specific proportion by five-year age groups. This procedure effectively eliminated
ruptures surrounding revisions of the International Classifications of Disease (ICD)
and substantially reduced cross-country comparability problems owing to different
coding practices, particularly from the use of ill-defined and unknown causes. We
truncated the cause-of-death analysis at age 85 because of classification quality and
presence of comorbidities, and we focused on the period after 1994 because compara-
ble information is available for the eight countries (Human Cause-of-Death Database
2016). Furthermore, we focus on this period because it coincides with the beginning of
the divergence in Eastern European mortality trends, particularly between the FSU and
Central European countries (Meslé 2004).

Cause-of-Death Classification

We grouped causes of death into the following broad categories, with a harmonized time
series from 1994 to 2010: deaths wholly attributable to alcohol, circulatory disease,
transport accidents, other external causes, infectious and respiratory diseases, cancers,
and the remaining causes. For details on the ICD-10 codes for each cause, see Table 1.

Our objective in classifying disease was twofold. First, we aimed to see which
broad causes of death were the important drivers in changing life disparity levels
over the period. Second, knowing that injurious alcohol consumption has long
been identified as a major determinant of premature mortality in Eastern European
countries, particularly of the FSU (Grigoriev and Andreev 2015; Leon et al. 1997;
McKee and Shkolnikov 2001; McKee et al. 2005; Rehm et al. 2007; Zaridze et al.
2009, 2014), we aimed for a classification that could at least partially shed light on
mortality change due to changing alcohol patterns and mortality change owing to
improvements in lifestyle and medical care.
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Attributing mortality to alcohol is not straightforward. Unlike smoking, heavy
alcohol consumption can have both immediate and cumulative impacts on mortality.
In any period, certain causes (for instance, traffic accidents or alcohol poisoning) may
change immediately in response to changing consumption patterns; others (for instance,
liver cirrhosis) mainly reflect past consumption behavior (Menon et al. 2001; Rehm
et al. 2003), and still others (such as ischemic heart disease, which is a component of
circulatory disease) have been implicated in both immediate binge drinking mortality
(Kauhanen et al. 1997) and elevated mortality risks from long-term heavy drinking
(Roerecke and Rehm 2014). Thus, using an attribution method based on cause of death
is sensible only for countries with relatively stable temporal patterns of alcohol
consumption (Kraus et al. 2015; Martikainen et al. 2014), which is certainly not the
case in our study.

Instead, we grouped causes by the degree to which they associate with alcohol
consumption and abuse and other large categories that have undergone major changes
through the epidemiologic transition. Deaths wholly attributable to alcohol refer to
those health conditions that, by the ICD definition, identify alcohol consumption as a
necessary cause and that previous research has identified as wholly attributable to
alcohol consumption (Rehm et al. 2010). We also include liver cirrhosis in this first
category because approximately three-quarters of deaths from this cause in the region
are thought to be attributable to alcohol (Rehm et al. 2003), and it is common practice

Table 1 Classification of causes of death amenable to alcohol consumption

Category ICD-10 Codes

1. Alcohol-Attributable Conditions

Mental and behavioral disorders due to use of
alcohol, alcoholic liver disease and cirrhosis of
the liver, or poisoning by exposure to alcohol

F10, K70 and K74, X45

2. Amenable to Alcohol Consumption

Cardiovascular diseases (ischemic heart diseases,
stroke, rheumatic heart diseases; essential
hypertension; hypertensive disease; pulmonary
heart diseases; nonrheumatic valve disorders;
cardiac arrest; heart failure; other heart diseases;
sequelae of cerebrovascular disease; diseases of
arteries, arterioles and capillaries, other
circulatory diseases) and transport accidents

I20–I25, I60–I67 and G45, I00–I09; I10; I11–I15;
I26–I28; I34–I38; I46; I50; I30–I33, I40–I45,
I47–I49; I51; I69; I70–I78; I80– I99, and V01–V99

3. Other Conditions Amenable to Alcohol Consumption

Other external causes (accidental exposure to
smoke, fire and flames; accidental poisoning by
other substance; suicide and self-inflicted inju-
ries; assault; event of undetermined intent; com-
plication of medical and surgical care, accidental
falls, accidental drowning and submersion, other
accidental threats to breathing, or other accidents
and late effects of accidents)

(X00–X09; X40–X44, X46–X49; X60–X84;
X85–Y09, Y35, Y36; Y10–Y34; Y40–Y84,
W00–W19, W65–W74, W75–W84, W20–W64,
W85–W99, X10–X39, X50–X59, Y85–Y91,
Y95–Y98)

4. Residual Causes

Remaining conditions and mortality above age 85
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to include it as a condition attributable to alcohol consumption (Rehm et al. 2003,
2010). However, circulatory disease and transport accidents are also amenable to
alcohol consumption, meaning that although many of these deaths do not relate to
alcohol, changes in hazardous alcohol consumption would be expected to increase or
decrease the baseline levels. As such, we pay careful attention to when these two causes
co-move with large changes in causes wholly attributable to alcohol. Although addi-
tional rare causes of death can be linked to alcohol consumption, we do not include
them in our study because their absolute contributions to mortality change are likely to
be very small in the set of countries that we study (Grigoriev and Andreev 2015).

We present our results on CEE males only. Mortality change was larger and more
abrupt among men, which more clearly illustrates the added value of looking to lifespan
variation in times of crisis. In most cases, trends were similar for both sexes, but the
magnitude of change was less for females. Full results for females are presented in the
online appendix.

Results

Age-Specific Rates of Mortality Improvement

For a descriptive look at age-specific mortality change over the period, we first
examined the average annual rate of mortality improvement (Rau et al. 2013) with
smoothed mortality surfaces (Camarda 2012) for males in the 12 CCE countries (see
Fig. 1). The respective values are expressed in percentages. Little change or no
improvement (–0.5 % to 0.5 %) is depicted in white. Improvement in mortality (i.e.,
mortality decline) is shown in blue, and mortality increase is shown in red. Darker tones
indicate major changes in mortality rates.

Almost every country experienced a near-continuous period of increasing mortality
rates, from the mid-1960s to the mid-1980s. Mortality rate increases were mainly
concentrated in the ages between 20 and 80 years. After 1985, mortality decreased
for a period of approximately five years, most sharply in the BC and the FSU.
Opposing this trend, in the early 1990s, the same countries that had made the most
progress in reducing mortality experienced intense mortality increases, particularly over
working ages. Finally, after the mid- to late 1990s, trends in the region diverged:
countries in Central Europe (CE) experienced mortality reduction over nearly every
age, as did Latvia and Estonia in the BC. Russia, Ukraine, and Lithuania experi-
enced a second sharp period of mortality increase over working ages in the early
2000s, and age-specific trends in Belarus fell somewhere in between the BC and
other FSU countries. Since the mid-2000s, all countries have experienced mortality
improvement.

Trends in Life Expectancy and Lifespan Disparity

Figure 2 shows male e0 and e† trends for CEE countries from 1960 to the most recent
year available. From 1960 to 1984, e0 stagnated for most of the countries, and some of
them even experienced a slow and steady decline (e.g., Russia, Latvia, Estonia, and
Ukraine). This period was followed by a notable increase in e0 in the mid-1980s,

Lifespan Dispersion in Times of Life Expectancy Fluctuation



closely corresponding to (although sometimes preceding) Gorbachev’s anti-alcohol
campaign, shaded in red. However, after 1987, life expectancy among these countries
started to diverge: CE countries experienced a short period of stagnation or decline
followed by an upward trend until the end of the study. The BC and other FSU
countries experienced a marked decrease in e0 from 1988 to 1994. Thereafter, e0
improved everywhere except Lithuania and the other FSU countries. These last coun-
tries exhibited a final decrease (Russia and Lithuania) or stagnation (Belarus and
Ukraine) in e0 between 1998 and the mid-2000s, followed by sharp increases in the
final period from the mid-2000s to the latest available year. Estonia experienced
particularly rapid improvements in e0 since the mid-1990s, especially among women
(online appendix, Fig. A2).

FSU, Belarus FSU, Russia FSU, Ukraine
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CE, Bulgaria CE, Czech Republic CE, Hungary
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Fig. 1 Male mortality surface showing rates of mortality improvements. The regular white areas indicate no
data available. Source: Own calculations based on Human Mortality Database (2016) data
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Life disparity showed similar patterns of stagnation between 1960 and 1980 as was
seen for e0. Russia and Lithuania exhibited the highest levels in this period, between 17
and 19 years lost due to death; the Czech Republic presented the lowest level
throughout the same years, between 13 and 14 years lost due to death. Importantly,
the Czech Republic was not the regional record e0 holder during these years. Around
the mid-1980s, all countries but Hungary experienced compression of mortality (i.e.,
decreases in e†). After 1991, Russia and the BC experienced significant increases in e†,
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Fig. 2 Trends in male life expectancy (e0) and lifespan disparity (e†) for 12 Eastern European countries, 1960–
2014. Source: Own calculations based on Human Mortality Database (2016) data

Lifespan Dispersion in Times of Life Expectancy Fluctuation



with the peak in 1994–1995. During this peak, the observed e0 levels differed from
historic levels observed when e† was equally high. CE experienced continuous
reductions in e† after 1994, whereas it was less systematic in Latvia and Lithuania.
The remaining countries also experienced declines after that year up to 2010–2014 but
with greater fluctuation. These declines, however, were not as steep as the e0 increases
in these countries.

Absolute and Relative Changes in Life Expectancy and Lifespan Disparity

Contrasting the changing levels of e0 and e† from Fig. 2 suggests that in periods of
stagnation and mortality upheavals, similar levels of e0 do not correspond to similar
levels in e†. Therefore, we analyzed the direction and magnitude of change in the two
measures.

Figure 3 depicts absolute and relative yearly changes (first differences) in e0 and e†

for males by period. The periods are grouped by the changes in life expectancy trends
depicted in Fig. 2: stagnation4 from 1960 to 1980, improvements from 1980 to 1987,
deterioration from 1987 to 1994, divergence from 1994 to 2000, and convergence over
the period 2000–2010. If a negative relationship existed between e0 and e†, changes
would concentrate in the top-left and bottom-right quadrants. If points fell in the top-
right and bottom-left quadrants, the relationship was positive. We focus on the latter
changes and quantify their frequency in three different periods relating to overall
mortality trends. Gray dots correspond to a negative association between life expec-
tancy and life disparity (e.g., increases in e0 with decreases in e†), and red dots
correspond to a positive association (e.g., increases in e0 with increases in e†).
Because Russia is both the largest country included in the analysis and the country
with the most volatile mortality trends, we marked its points in dark blue. Absolute
changes (top panel) are easy to interpret because they reflect the changes in life
expectancy and life disparity measured in years. However, because the maximum
value of e0 is much higher than the maximum value of e†, it is not surprising that
changes vary more strongly on the e0 axis than the e† axis. Therefore, it is also
important to analyze changes in both measures in relative terms (bottom panel),
which allows us to quantify the intensity of such changes.

During 1960–1980, almost one-third of the yearly changes in mortality resulted in
decreases in both e0 and e† for both males (35.5 %; 95 % CI = [29.1,41.8]) and females
(32.7 %; 95 % CI = [26.5,38.9]). These were mostly small changes, corresponding to
less than one year of life. Conversely, 20.0 % (95 % CI = [14.7,25.3]) (for males) and
24.6 % (95 % CI = [18.9,30.2]) (for females) of e0 increases corresponded to e†

increase. This means that when both quadrants are added, the measures in this period
were moving in the same direction more than half the time. A similar pattern was
observed in the period 1980–1988. In 1988–1994, when most of the changes
corresponded to substantial decreases in e0, the two indices moved in the same
direction approximately one-fifth of the time. Finally, in the period 1994 onward,
characterized by mortality convergence, approximately one-third of all points related
to movements in the same direction for both measures.

4 Even though some countries experienced a steady decline during this period, we labeled the period
stagnation because the coefficient of variation of life expectancies during this period was stagnant.
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Moreover, even when the two measures moved in the direction expected from a
negative correlation, the magnitude of change in life expectancy did not reflect the
same magnitude of change in life disparity. For example, Russia lost three years of male
life expectancy (approximately 5 %) between 1992 and 1993, but life disparity showed
a much smaller increase (less than 2.5 %). Most of the time, however, e† experienced
larger relative changes than e0, as evidenced by more movement along the horizontal
than the vertical axis in the bottom panel of Fig. 3.

Age-Specific Decomposition

In Figs. 4, 5, and 6, countries are ordered alphabetically within each region (CE, BC,
and FSU) and differentiated by the background color: light gray for CE, light red for
BC, and light blue for other FSU countries. Figure 4 shows age-specific contributions
to the change in e† for ages 5 and above,5 respectively, by period (results for ages 0–4
are depicted in Fig. A7 in the online appendix).6 The periods are the same as in the
previous figure: stagnation (blue), improvements (green), deterioration (red),
divergence (purple), and convergence (orange). The threshold age occurred around
the age groups where changes in lifespan variation were usually the lowest by period
(e.g., Russia ages 55–59, Slovakia ages 65–69, and Slovenia ages 70–74). Bars on the
left (decreases in variation) came about from mortality decreases at young ages or
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Fig. 3 Absolute and relative yearly changes in life expectancy and lifespan disparity, 1960–2010. Data for
Slovenia begin in 1983. The black dots are related to changes experienced in Russia. The percentages
correspond to the total changes occurred during each period. Source: Own calculations based on Human
Mortality Database (2016) data

5 For age-specific contributions to life expectancy, see the online appendix.
6 Declines in mortality below age 5 were the strongest age-category contributor to changes in life disparity
over the period under study, with most of the decline occurring over the 1960–1980 period. For this reason,
they are plotted separately from other ages with a different scale used on the x-axis in the online appendix. The
decline was near monotonic in most countries, with only minor differences between countries, especially when
compared with the much larger between-country differences at other ages.
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increases at old ages, separated by the threshold age. Conversely, bars on the right
(increases in variation) were produced by mortality increases at young ages or mortality
decreases at old ages. Colors lining up on one side would suggest that mortality
changed in different directions for younger compared with older ages.

Over the long period of e0 stagnation (blue), changes in e† were driven by mortality
increases at all ages above approximately age 20, which expanded variability in age at
death at young-adult ages and compressed variation at older ages in all countries. It is
worth noting that these changes mostly offset each other: the old-age compression was
comparable with the net expansion of mortality experienced by children and younger
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begin in 1983. Source: Own calculations based on Human Mortality Database (2016) data
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adults. In fact, in Bulgaria and Belarus, the compression caused by mortality increases
over older ages was greater than the expansion made by mortality increases among
younger ages.7 A similar pattern was observed during the period of e0 deterioration
among BC and other FSU countries following the collapse of the FSU (red). Lifespan
variability mostly increased, which was explained by expansion of mortality at young
and middle ages, alongside smaller compression at older ages during this period. By
contrast, CE countries experienced little change in mortality during this period.

Opposing these trends, over the period of improvements during the 1980s (green),
the BC and other FSU countries followed a Western pattern, with e† decreases mostly
caused by mortality decline at younger ages outpacing mortality decline over older ages
and leading to overall compression in mortality. Mortality change was smaller, and the
age patterns of change were more variable in CE during this period. From 1994 onward
(purple and orange), all countries experienced e† compression at younger ages and
expansion at older ages overall. However, in the early years (1994–2000), mortality
increases at younger ages led to increases in e† in FSU before reversing itself in recent
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Fig. 5 Cause specific contributions to the change in male lifespan disparity e†, 1994–2000. Data for Poland
end in 2009. Source: Own calculations based on Human Cause-of-Death Database (2016) data

7 Increasing mortality at older ages might have been an artifact due to improvements in data quality (see the
Limitations section).
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years. Importantly, during this post-1994 period, mortality changes at relatively young
ages (20–50) had the largest impact on e† changes.

The Contribution of Different Causes of Death to Changes in Lifespan Variability

Table 2 shows the net contribution of different broad causes of death to changes in life
disparity for the most recent periods of divergence (1994–2000) and convergence
(2000–2010). From 1994 to 2010, all the countries included in our study experienced
decreasing e†. Life disparity was reduced by nearly a year in CE, equally spread
between both periods, and owing primarily to mortality from transport accidents and
cancers. In BC, e† declined by between 1.2 years (in Latvia) and 2.8 years (in Estonia).
Declines were strong over both periods, driven by transport accidents, other external
causes, and mortality wholly attributable to alcohol (Lithuania, 1994–2000 only).
Finally, the other FSU countries showed little change in e† over the earlier period and
strong declines in the second period. Like with the other country groupings, changes in
mortality from other external causes seemed to be driving net changes in e†. Belarus
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was the only country to experience increases in e† from causes of death that were
wholly attributable to alcohol.

Figure 5 shows these cause-of-death contributions by age for 1994–2000.8 The sum
of the age-specific contributions by causes of death results in the values shown in
Table 2. In CE countries, mortality decline was driven predominately by circulatory
disease, but because these declines were spread before and after the threshold age, the
net impact on e† was small. Causes that were completely attributable to alcohol showed
no change over the period, and reductions in external-cause mortality were compara-
tively minor, which suggests that reductions in circulatory disease mortality were not
related to changing alcohol consumption in the region. In BC, the reduction in
circulatory disease mortality was strong overall but particularly over older ages,
explaining why its net contribution over all ages was to increase e†. Declines in
mortality from external causes, including traffic accidents, below age 50 were the
largest contributors to e† decline. Alcohol-attributable mortality over these ages also
declined, especially in Lithuania. Taken together, these findings suggest that reductions
in hazardous alcohol consumption played some role in reducing e† over the period in
BC. Finally, in the other FSU countries, mortality declines over all ages were weaker,
whereas trends in major causes of death were inconsistent over age.

From 2000–2010, all countries experienced improvements in survival and decreases
in e†, although from a different mixture of causes (Fig. 6). In CE, reductions in early
adult cancers and circulatory disease predominated; reductions in mortality from
external causes, including traffic accidents, were of secondary importance. The BC
were heterogeneous over this period: Estonia experienced sharp reductions in mortality
from circulatory diseases at all ages and external causes below age 50. Lithuania
experienced virtually no change in circulatory disease mortality, some decrease in
external-cause mortality below age 30, and increases in mortality attributable to alcohol
over ages 30–44. Latvia fell somewhere between the two countries. Life disparity also
declined in the other FSU countries, mainly because of declines in external-cause
mortality. However the e† declines were noticeably lower in Ukraine, while
circulatory diseases there actually increased at older ages; by contrast, Russia and
Ukraine experienced sharp and moderate declines in circulatory disease mortality at
these older ages.

Limitations

The limitations of our study should be mentioned. First, different measures of inequal-
ity differ in formal properties and in the degree of sensitivity to age-specific mortality
change (van Raalte and Caswell 2013). Other authors have chosen measures of relative
inequality, such as the Gini coefficient, Keyfitz’s entropy, or the Theil index of
inequality (Colchero et al. 2016; Moser et al. 2005; Shkolnikov et al. 2003; Smits
and Monden 2009). As a robustness check, we performed a sensitivity analysis
replicating all the results shown in this study with the Gini coefficient, following
Shkolnikov et al. (2003) (see the online appendix). We did not find major differences
with the results discussed in this article.

8 For age-cause-specific contributions to life expectancy in the same periods, see the online appendix.
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We chose not to decisively partition mortality into alcohol- and non-alcohol-related
mortality because of the difficulties in determining the proportion of deaths from
circulatory disease and external causes that are related to alcohol. Instead, we took a
more cautious approach that aimed to attribute the changes in mortality trends at least
partially to alcohol consumption without over- or underinterpreting its absolute impact
on mortality, based on the co-movements of these causes with known causes of death
that are wholly attributable to alcohol. An alternative would have been to derive
alcohol-attributable mortality from follow-up longitudinal studies that report consump-
tion patterns. Even if such surveys were available for some countries included in the
study, self-reported alcohol consumption data are often biased and underestimate actual
consumption because individuals forget drinking occasions, underestimate drink size,
and cannot remember the quantity of drinks in every drinking session (Bellis et al.
2009; Livingston and Callinan 2015). A third commonly used approach is to link
mortality with changes in alcohol sales (Razvodovsky 2010). A limitation to this
approach is that the total alcohol consumption might not matter as much as the alcohol
consumption behavior. Indeed, low levels of alcohol consumed at a regular basis may
even be protective against mortality (Bell et al. 2017; Klatsky et al. 1974; Rehm et al.
2010; Roerecke and Rehm 2014). Moreover, alcohol sales do not include homemade
alcohol, which is substantial in the region (McKee et al. 2005; Popova et al. 2007) and
can be distorted by alcohol tourism (Mäkelä and Österberg 2009; Rabinovich et al.
2009).

There could be concerns with the quality of the data used in a comparative temporal
setting. First, the CEE countries used a definition of live births that is less strict than the
WHO definition, thus artificially depressing infant mortality levels (Aleshina and
Redmond 2005; UNICEF 2003). All countries eventually shifted to the WHO defini-
tion, although the timing of this shift differed between and within countries, with some
regions beginning the shift even before the dissolution of the FSU (Aleshina and
Redmond 2005; Anderson and Silver 1986; UNICEF 2003). Given that indices of
lifespan variation are comparatively more sensitive to changes in infant mortality than
life expectancy (van Raalte and Caswell 2013), we investigated whether our results
would be robust to the following assumptions: (1) a doubling of infant mortality prior
to 1990, followed by a linear decrease to 10 % higher rates in 2000, and constant
inflation of 10 % thereafter;9 and (2) mortality conditional on survival to age 5.
Although these scenarios created some differences in the direction of trends—particu-
larly over the communist period, when infant mortality decline was substantial—our
two main conclusions from this period still held: (1) life expectancy and life disparity
moved independently during the years before the fall of the Berlin Wall, and (2) trends
in life disparity were especially driven by trends in early-adult mortality. The results of
these robustness checks are available in the online appendix.

Second, the Human Mortality Database (2016) data used in this project are the
highest-quality and most-comparable data available for the region. However, the data
quality differs across countries, age groups, and periods, and is well documented in the

9 Kingkade and Sawyer (2001) published adjustment factors that were generally much lower than the doubling
that we used here. Thus, this adjustment should be seen as a conservative rather than realistic adjustment to test
the robustness of our findings. For the 1960–1980 period, inflating the infant mortality by anywhere up to
77 % for males and 95 % for females resulted in yearly changes in life expectancy and life disparity moving in
unexpected directions up to 50 % (see https://demographs.shinyapps.io/CEE_App/).
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database. The main data quality concerns that have been flagged in the region include
(1) age heaping and likely age exaggeration in many FSU countries and Bulgaria in the
1960s (Grigoriev 2017; Jasilionis 2017b; Jdanov and Shkolnikov 2017; Philipov and
Jasilionis 2017; Pyrozhkov et al. 2017); (2) lower-quality data above age 80 in Belarus
in the 1970s (Grigoriev 2017) and Russia after the mid-1990s (Jdanov and Shkolnikov
2017); and (3) consistency problems in population estimates in Lithuania for the 1960s
and 1970s (Jasilionis and Stankuniene 2017), Estonia during the 1990s (Jasilionis
2017a), and Slovenia (Jasilionis 2017c). Age heaping is less of a problem for life table
summary measures, but age exaggeration is difficult to correct for and could have led to
artificially worsening mortality at older ages as data quality improved. Although a
degree of caution should be applied in interpreting mortality differences and trends for
these periods, age groups, and countries, even if we were to exclude all instances of
these flagged problems, the broader patterns of mortality development documented
here still hold.

Third, in the Soviet era, ill-defined cardiovascular diseases were often classified as
atherosclerotic cardiosclerosis, which is a subset of ischemic heart diseases (Jasilionis
et al. 2011; Shkolnikov et al. 2012). Different countries abandoned this practice at
different rates, which had the effect of misclassifying deaths between the ischemic heart
disease, stroke, and “other circulatory disease” categories. Although some degree of
misclassification within circulatory disease is corrected for by the Human Cause-of-
Death Database (2016) team (Pechholdová et al. 2017), we thought it was safer for
comparative purposes to combine all circulatory disease categories.

Finally, there could be concern about data quality relating to high emigration
throughout the post-Soviet period. However, robustness checks conducted for Poland
and Czech Republic (Fihel and Pechholdová 2017) and the BC (Jasilionis et al. 2011)
showed that underestimated emigration resulted in an overestimation of life expectancy
of up to four months in Poland during the intense outflows following accession to
European Union, but in other countries and periods, it was usually equivalent to less
than one month.

Discussion

We analyzed and compared a long time series of life disparity for 12 countries from
CEE. Decomposing these trends by age and cause of death shed light on the determi-
nants of lifespan variation across time and countries. Over the study period, the acute
mortality crises of the 1990s caused greater year-to-year fluctuation in lifespan varia-
tion than in life expectancy. Life expectancy and life disparity moved independently of
each other, particularly during periods of life expectancy stagnation caused by uneven
age-specific mortality change. Changes in life disparity were largely caused by changes
in midlife mortality, with different net effects depending on the country and period.

Changes in Life Expectancy (e0) and Life Disparity (e†)

Previous studies have found a strong negative correlation between life expectancy and
life disparity when measured over all ages (Colchero et al. 2016; Vaupel et al. 2011;
Wilmoth and Horiuchi 1999). These studies were carried out over long periods of 100
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years or more and mostly included Western countries with near-monotonic increases in
life expectancy. Importantly, two major phenomena were observed from the mid-
nineteenth century to the present: (1) a drastic reduction of infectious disease mortality,
and (2) a subsequent major decline in cardiovascular disease mortality. These epide-
miological changes can equally be considered as a redistribution of deaths from young
to middle ages and later from middle to older-adult ages (Robine 2001). In both cases,
contemporaneous mortality decline over younger ages (ages that compress mortality
into a smaller age interval) outpaced decline over older ages (ages at which mortality
decline leads to deaths occurring over a larger age interval), which caused life disparity
to decrease in lockstep with life expectancy increase.

CEE countries ran counter to this narrative. Although they too experienced the sharp
declines in infectious disease mortality up to the mid-twentieth century, mortality at
midlife stalled or even increased for most of the last half of the twentieth century
(McKee and Shkolnikov 2001), with no appreciable declines in cardiovascular mortal-
ity until very recently (Caselli et al. 2002; Grigoriev et al. 2014; Meslé 2004; Timonin
et al. 2017). As our results made clear, mortality change at different ages was far from
even, such that changes in lifespan variation did not correspond in intensity or in the
desirable direction with changes in life expectancy (i.e., an increase in life expectancy
with a decrease in lifespan variation). For example, it was apparent that between-
country differences in lifespan variation have and continue to be larger (in relative
terms) than between-country differences in life expectancy (coefficients of variation for
e0 and e† in 2014 are 0.06 and 0.11, respectively).

From a public health perspective, these results are important because they disclose
inequalities underlying population health that could not be identified by looking at life
expectancy alone. As noted earlier, the full distribution of deaths is characterized not
only by the mean (life expectancy) but also by the dispersion in ages at death (Edwards
and Tuljapurkar 2005). Periods of increasing lifespan variability underscore both a rise
in within-group heterogeneity at the population level and increasing uncertainty about
the timing of death at the individual level. Similar episodes have been found previously
for some countries, and they are seen as outliers that are not following the classic
Western trend (Wilmoth and Horiuchi 1999). For instance, stagnating or increasing
lifespan variation has been seen alongside life expectancy increase among lower
socioeconomic groups or regions in Europe, driven by mortality stagnation among
young adults (Brønnum-Hansen 2017; Seaman et al. 2016; van Raalte et al. 2014). In
the United States, lower-educated groups have experienced both life expectancy
decreases and increases in lifespan variation (Sasson 2016). More recently, much
attention has been paid to poor trends in midlife mortality among white Americans,
particularly females (Case and Deaton 2015; Montez and Zajacova 2013). As Gillespie
et al. (2014) noted, the challenge of reducing young-adult mortality could anticipate a
new pattern characterized by increases in lifespan inequality. Our results offer further
proof of the independence of the two measures during long periods with atypical
mortality schedules and illustrate the need to monitor lifespan variation for a complete
picture of population health.

At the same time, our results revealed a paradox of sorts. On the one hand, between-
country differences in lifespan variation were more stable than between-country dif-
ferences in life expectancy. On the other hand, changes in lifespan variation were more
sensitive to year-to-year mortality fluctuations than life expectancy, particularly when
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viewed on a relative scale. Measures of dispersion are more sensitive to mortality
change in early midlife than life expectancy (van Raalte and Caswell 2013). Mortality
between ages 25 and 50 experienced larger changes in response to crises than older-
adult mortality over the period (as shown clearly in Fig. 1), which explains why life
disparity showed greater year-to-year fluctuation than life expectancy. Meanwhile,
mortality differences over older working ages and among the early retired have a larger
impact on life expectancy than life disparity: these ages are found on either side of the
threshold age, with mortality declines (or increases) often offsetting each other, so that
the net impact is no change in lifespan variation. As a result, the combination of
mortality changes over younger ages with growing mortality differences at older-adult
ages can lead to widening between-country inequalities in life expectancy alongside
stable differences in life disparity.

Cause-of-Death Contributions to Changes in e† After 1994

The impact of alcohol on mortality has been extensively studied in Russia, which
experienced the largest mortality swings in the region (Leon et al. 1997; Rehm et al.
2007; Shkolnikov et al. 2013, 2001). Alcohol-related mortality is also known to have
played an important role in mortality trends since the 1980s in BC and other countries
of the FSU (Jasilionis et al. 2011; Rehm et al. 2007), although its specific impact on
lifespan variation has not been thoroughly investigated. To date, only Shkolnikov
et al.’s (2003) study on Russia between 1979 and 1989 has analyzed the ages and
causes of death contributing to changing lifespan variation in the region. They found
that mortality compression resulting from a reduction of death rates at early-adult ages
during this period was attributed to a decrease in alcohol-related mortality as a
consequence of Gorbachev’s anti-alcohol campaign. We extended this cause-of-death
analysis to include more countries (Belarus, Czech Republic, Estonia, Latvia, Lithua-
nia, Poland, Russia, and Ukraine) and focused on the 1994–2010 post-Soviet years.

Fluctuating alcohol-related mortality was an important component of the moving life
disparity trends in the countries of the former Soviet Union, although it occurred to
different degrees in each region and manifested itself in different causes. Over young
ages, we found evidence of a large role for the reduction in mortality from external
causes, including traffic accidents, in BC throughout the period and in Russia, Belarus,
and Ukraine from 2000 onward. That these causes often co-moved with mortality
directly attributable to alcohol over these ages is suggestive that healthier patterns of
alcohol consumption were contributing to these reductions in life disparity. At older
ages, between-country differences in mortality reduction seemed to be driven by the
extent of mortality reduction from circulatory diseases. Alcohol consumption was not
the only factor that explained mortality trajectories in the region, nor was it the sole
explanation for the difference between this region and Western European countries in
terms of life expectancy and lifespan variation levels. Other factors, such as environ-
mental pollution, medical care, smoking behaviors, and diet, have been important
determinants of health outcomes in this region since at least 1970 (Bobak and
Marmot 1996). Indeed, the strong declines in circulatory disease mortality in BC
(Jasilionis et al. 2011) and more recently Russia (Grigoriev et al. 2014) have been
seen as hopeful signs that these countries are finally on a path toward the lower levels
of cardiovascular mortality that have been achieved in the West.
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In contrast to BC and other FSU countries, the smoother trends in life disparity
found in CE were driven by sustained declines in circulatory disease and cancers, with
external causes playing a much smaller role and no change in mortality directly
attributable to alcohol. This finding is consistent with the suggestion by other re-
searchers that the steady post-1990 improvements in mortality in the region were
attributable to a combination of improvements in medicine, a reorganization of the
health care system, and general shifts toward healthier behavior, including improving
diets and reductions in smoking (Cífková et al. 2010; Cooper et al. 1984; Fihel and
Pechholdová 2017; Nolte et al. 2000a, b; Pajak and Kozela 2011; Rychtarikova 2004;
Zatonski et al. 1998). We additionally identified a recent stagnation (since 2010) in
lifespan variation in Russia. As our decomposition results after 2010 suggest, this
stagnation could be a result of a slowdown in mortality improvements below age 60
offset by larger progress above this age. Timonin et al. (2017) suggested that the
stagnation could be a result of uneven progress in reducing cardiovascular mortality
at the subregional level in Russia that is offset by convergence in under-60 mortality.

Preventing external-cause mortality at young ages has been previously highlighted
as an immediate way to reduce lifespan variability and differences in life disparity
between populations. Firebaugh et al. (2014) argued that allocating resources to
reducing homicides in the American black population was more likely to narrow racial
disparities in lifespan variation than tackling more common causes of death. In this
sense, most reductions in life disparity in the region were caused by improvements in
mortality at young ages after 1994, particularly in mortality from external causes. The
decline in these causes of death also increased life expectancy (Trias-Llimós et al.
2018) and contributed to convergence between countries in the region in lifespan
variation, as we showed. Similarly to some developed countries—Canada, France,
Germany, Japan, and others (Seligman et al. 2016)—reduction in mortality from
cancers and cardiovascular diseases helped increase life expectancy in CEE but did
not account for most life disparity reductions.

Mortality associated with the most hazardous forms of alcohol consumption, such as
mortality from alcoholic liver disease or poisoning by exposure to alcohol, did not play
a central role in lifespan variation levels or trends—perhaps in part because these are
small causes of death to begin with in comparison with much larger causes of death,
such as circulatory disease or external causes. Nevertheless, some countries (Lithuania,
Russia, and Latvia) did show large mortality improvements in these conditions, which
caused compression of mortality at young ages. These differences were previously
noted as a partial explanation for different mortality trends in Lithuania and Belarus
(Grigoriev et al. 2015).

Lifespan variation, in this case e†, is a measure of aggregate health inequality
that reveals fundamental differences in levels and trends across the countries that
we studied. Therefore, analyzing lifespan dispersion together with life expectancy
contributes to a deeper understanding of the impact of changing mortality trends
on population health. Our results show not only that CEE countries experienced
high lifespan variation and consequently greater fluctuation in the predictability of
lifespan but also that life expectancy and life disparity were able to move
independently, particularly in periods of stagnation in life expectancy. These
uncommon findings, opposing those observed in most developed countries,
show that expansion (compression) levels do not necessarily mean lower
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(higher) life expectancy or mortality deterioration (improvements) when the yearly
changes over time are taken into account.
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Lifespan dispersion in times of life expectancy fluctuation: the case of 
Central and Eastern Europe
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Abstract

Central and Eastern Europe (CEE) have experienced considerable instability in mortality since the
1960s. Long periods of stagnating life expectancy were followed by rapid increases in life expectancy and,
in some cases, even more rapid declines, before more recent periods of improvement. These trends have
been well documented, but to date, no study has comprehensively explored trends in lifespan variation.
We improved such analyses by incorporating life disparity as a health indicator alongside life expectancy,
examining trends since the 1960s for 12 countries from the region. Generally, life disparity was high and
fluctuated strongly over the period. For nearly 30 of these years, life expectancy and life disparity varied
independently of each other, largely because mortality trends ran in opposite directions over different
ages. Furthermore, we quantified the impact of large classes of diseases on life disparity trends since
1994 using a newly harmonized cause- of- death time series for eight countries in the region. Mortality
patterns in CEE countries were heterogeneous and ran counter to the common patterns observed in
most developed countries. They contribute to the discussion about life expectancy-disparity by showing
that expansion/compression levels do not necessarily mean lower/higher life expectancy or mortality
deterioration/improvements.
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Results shown in the paper reproduced for females

Figure A1: Female mortality surface showing rates of mortality improvements
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Figure A2: Trends in female life expectancy (e0) and lifespan disparity (e†) for 12 Eastern European 
countries, 1960-2014
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Figure A3: Absolute and relative yearly changes in life expectancy and lifespan disparity for females, 1960-2010
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Figure A4: Age-specific contributions to the change in lifespan disparity e† by periods, females.
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Figure A5: Cause specific contributions to the change in female lifespan disparity e†, 1994-2000
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Figure A6: Cause specific contributions to the change in female lifespan disparity e†, 2000-2010
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Infant contributions to changes in e† and e0

Figure A7: Infant contributions, below age 5, to changes in e† and e0 by period and sex
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Age and age-cause specific decomposition results for life expectancy

Figure A8: Age-specific contributions to the change in e0 by periods for males.
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Figure A9: Age-specific contributions to the change in e0 by periods for females.
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Figure A10: Age-cause-specific contributions to the change in e0 by periods for males 1994-2000.
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Source: own calculations based on Human Mortality Database (2016) data. Note: data for Slovenia begins
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Figure A11: Age-cause-specific contributions to the change in e0 by periods for males 2000-2010.
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Source: own calculations based on Human Mortality Database (2016) data. Note: data for Slovenia begins
in 1983.
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Figure A12: Age-cause-specific contributions to the change in e0 by periods for females 1994-2000.
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Source: own calculations based on Human Mortality Database (2016) data. Note: data for Slovenia begins
in 1983.
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Figure A13: Age-cause-specific contributions to the change in e0 by periods for females 2000-2010.
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Source: own calculations based on Human Mortality Database (2016) data. Note: data for Slovenia begins
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Sensitivity analysis without infant mortality and doubling infant
mortality

Conditional on surviving to age 5
Figure 14 below shows life expectancy at age 5 versus life expectancy at birth for the Eastern European 
countries selected in our study. Although the levels differ, major trends are like the ones we show in the 
paper. For instance, Russia, Latvia and Estonia also show the lower values of life expectancy at age 5, and 
Slovenia and Czech Republic are the frontrunners in the region after 1990 for males, even without accounting 
for mortality below age 5.

Similarly, Figure 15 shows life disparity or lifespan variation conditional on surviving to age 5 and at 
birth. As in the previous figure, the trends are similar to lifespan variation over the full age span. Figure 16 
shows the association between changes in life expectancy and lifespan variation conditional on surviving to 
age 5 and. The results do not change substantively compared to those including mortality under age 5.

We further performed the age-specific decomposition of lifespan variation conditional on surviving to age 
5 following the same methodology that we used in the paper. Results are shown in Figure 17 below. The 
results are very close as if we decompose lifespan variation from age 0 (Figure 4 in the paper).

Figure A14: Life expectancy at age 5 and life expectancy at birth for males.
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Figure A15: Lifespan variation at age 5 and at birth for males.
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Figure A16: Association between changes in life expectancy at age 5 and lifespan variation conditional 
on surviving to age 5.

Stagnation 1960−1980 Improvements 1980−1988 Deterioration 1988−1994 Divergence 1994−2000 Convergence 2000−present

−2 0 2 −2 0 2 −2 0 2 −2 0 2 −2 0 2

−2

0

2

Changes in e5
†

C
ha

ng
es

 in
 e

5

Absolute changes (years)

Association between changes in e5 and e5
†, males.

Stagnation 1960−1980 Improvements 1980−1988 Deterioration 1988−1994 Divergence 1994−2000 Convergence 2000−present

−5 0 5 −5 0 5 −5 0 5 −5 0 5 −5 0 5

−5

0

5

Changes in e5
†

C
ha

ng
es

 in
 e

5

Relative changes (%)

Source: own calculations based on Human Mortality Database (2016) data. Note: data for Slovenia begins
in 1983.

17



Figure A17: Age specific decomposition for life expectancy and lifespan variation at age 5
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Sensitivity analysis with the Gini coefficient

Figure A18: Trends in life expectancy and Gini coefficient by sex for Eastern European countries
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Figure A19: Absolute changes in life expectancy and Gini coefficient by sex for Eastern European countries
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Figure A20: Relative changes in life expectancy and Gini coefficient by sex for Eastern European countries
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Figure A21: Contributions to changes in Gini coefficient by period
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Figure A22: Contributions to changes in Gini coefficient by period, Males.
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José Manuel Aburto

Hiram Beltrán-Sánchez

American Journal of Public Health, (2019).

163



Upsurge of Homicides and Its Impact on Life
Expectancy and Life Span Inequality in Mexico,
2005–2015

José Manuel Aburto, MSc, and Hiram Beltrán-Sánchez, PhD

Objectives. To quantify the effect of the upsurge of violence on life expectancy and

life span inequality in Mexico after 2005.

Methods. We calculated age- and cause-specific contributions to changes in life ex-

pectancy and life span inequality conditional on surviving to age 15 years between 1995

and 2015. We analyzed homicides, medically amenable conditions, diabetes, ischemic

heart diseases, and traffic accidents by state and sex.

Results.Male life expectancy at age 15 years increased by more than twice in 1995 to

2005 (1.17 years) than in 2005 to 2015 (0.55 years). Life span inequality decreased by

more than half a year for males in 1995 to 2005, whereas in 2005 to 2015 the reduction

was about 4 times smaller. Homicides for those aged between 15 and 49 years had the

largest effect in slowing down male life expectancy and life span inequality. Between

2005 and 2015, three states in the north experienced life expectancy losses while 5

states experienced increased life span inequality.

Conclusions. Ten years into the upsurge of violence, Mexico has not been able to

reduce the homicide levels to those before 2005. Life expectancy and life span in-

equality stagnated since 2005 for young men at the national level. In some states,

males live shorter lives than in 2005, on average, and experience higher uncertainty

in their eventual death. (Am J Public Health. 2019;109:483–489. doi:10.2105/AJPH.2018.

304878)

Violence has become a major public
health issue in Latin America.1 This

region experiences the highest homicide rate
in the world (more than 16.3 per 100 000
people), with some countries in Central
America undergoing a recent upsurge in
homicides.2 In Mexico, homicide rates de-
clined from 1995 to 2006, but these trends
were reversed and homicides more than
doubled between 2007 and 2012 (Figure A,
available as a supplement to the online version
of this article at http://www.ajph.org). This
increase has been associated with more en-
forcement operations trying to mitigate drug
cartel activities, increased territorial compe-
tition, and higher profitability in the drug-
trade flowwith the United States.3–5 This led
to a cycle of violence—the so-called War on
Drugs—and the spillover onto civilians,6

which, along with an increasing burden
of diabetes, led to stagnating male life

expectancy in the period 2000 to 2010.7 At
the subnational level, gains in life expectancy
attributable to medically amenable causes,
such as infectious diseases, respiratory diseases,
and birth conditions, were wiped out by the
increase of homicides after 2005 in each of
the 32 states in Mexico, with large regional
variation.8

Trends in life expectancy are important

and have been studied in Mexico and its

states.7–9 However, life expectancy masks

inequality of life spans or life span variation.10

Variability in age at death (life span) is im-
portant because it addresses the growing in-
terest in health inequalities11 and because
larger variation in life spans implies greater
uncertainty in the timing of death at the in-
dividual level and has implications for the
planning of life’s events.12,13 From a public
health perspective, larger life span variation
implies increasing vulnerability at the societal
level, which suggests ineffectiveness of poli-
cies aiming to protect individuals against life’s
vicissitudes.12 In the context of rising vio-
lence, it implies a failure of social protection
policies aiming at decreasing homicide and
crime rates and increasing vulnerability at the
population level. Previous studies have found
a negative association between life expec-
tancy and life span variation, suggesting that as
life expectancy increases, inequality in life
spans decreases.12,14 However, at the sub-
national level and during periods of life ex-
pectancy fluctuation, increases in life span
variation may simultaneously occur with
increases in life expectancy, mostly attribut-
able to a slowdown in mortality improve-
ments over ages 20 to 65 years.13,15 This is
particularly relevant for countries that have
experienced an upsurge in homicides because
this increase has mainly affected young
individuals.

In Mexico, homicides are concentrated
between ages 15 and 50 years, affecting
mainly males.8 It is unclear what their net
effect is on life span inequality, but they
certainly had an effect on premature
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mortality. We thus hypothesize that Mexican
males may be experiencing increases in life
span inequality in tandemwith declines in life
expectancy. We also expect uneven vari-
ability across states in the country attributable
to the changing dynamics of violence and
homicides in Mexico.16 For instance, states in
the northern part of Mexico (e.g., Chihua-
hua, Durango, and Sinaloa) experienced the
largest losses in life expectancy between 2005
and 2010,8 and it is likely they also exhibited
large life span variation during that period,
although this impact may now be larger in
other states as homicides spread throughout
the country in recent years.17 On the other
hand, medically amenable mortality im-
provements, which have been Mexico’s
priority since the 1990s,18 could have had a
substantial effect on reducing variation in life
spans, particularly in the poorer states, which
are mostly concentrated in the south.

This article makes 3 main contributions.
First, it contributes to the literature on life
span variation and inequalities in health in the
context of rising homicides. Most literature in
this area focuses on the social determinants
of health such as socioeconomic status or
educational attainment as proximate de-
terminants of life span variation and health
inequality.12,13 Our article highlights the role
of violence, and its ultimate consequence in
the form of homicides, among young adults,
on increasing life span inequality.Wedescribe
the observed changes in homicide mortality
and their link with life span variation and life
expectancy by sex and by region inMexico. A
second contribution is its focus on Mexico
with the growing violence associatedwith the
War on Drugs making it a serious health
policy concern.7,8 Understanding the con-
sequences of violence on population health is
important for policymakers in Mexico and
other countries experiencing similar increases
in homicides such as Honduras in Central
America and Venezuela in South America.2

Finally, this analysis contributes to our
knowledge of regional inequality in life spans.

We analyzed how life expectancy and life
span inequality for the young population
changed over the period from 1990 to 2015
for females and males in Mexico. This
framework allows us to thoroughly analyze
premature mortality and to determine the
ages and causes of death that contributed the
most to the observed changes.

METHODS
We used data on deaths from vital statistics

files available through the Mexican Institute
of Statistics19 that includes information on
cause of death by age, sex, and place of oc-
currence from 1995 to 2015. In addition, we
used population estimates corrected for
completeness, age misstatement, and in-
ternational migration from the Mexican
Population Council to construct age-specific
death rates by age, sex, and state.20

Cause-of-Death Classification
We classified deaths into 8 categories

representing the main causes of death in
Mexico by using the concept of “amenable/
avoidable” mortality (Table A, available as a
supplement to the online version of this article
at http://www.ajph.org).21,22 This concept
assumes that some conditions should not
cause death in the presence of timely and
effectivemedical care and is used as a proxy for
the performance of health care systems.21 To
mitigate biases attributable to misclassification
of causes of death, we focused on deaths
occurring before age 85 years as cause-specific
coding practices for older ages are less reliable
because of the presence of comorbidities,23

and about 99% of homicides occurred at
younger ages in the study period.

We studied 2 comparable 10-year periods—
from 1995 to 2005, and from 2005 to 2015—
that represent periods of major changes in
homicides (Figure A, available as a supplement
to the online version of this article at http://
www.ajph.org). The first period corresponds to
mortality improvements (1995–2005) in which
life expectancy increasedby2.1 and4.3 years for
males and females, respectively,20 and homicide
rates declined among young adults,19 and the
second period (2005–2015) was characterized
by the upsurge of violence and homicides in
Mexico.8

Life Span Inequality Indicator
We used “years of life lost” as a dispersion

indicator and refer to it as “life span in-
equality” or “life span variation” from age 15
years. It is defined as the average remaining life
expectancy at death, or life years lost because
of death (see summary, sectionA, available as a
supplement to the online version of this article
at http://www.ajph.org).14 For example, if a

cohort of newborns all die at the same age,
then the value of life span inequality is zero; to
the extent that death occurs at different ages,
those who die “prematurely” will contribute
years to life span variation. We condition on
surviving to age 15 years because more than
95% of homicides occur at that age and older
and because including infant mortality con-
ceals dynamics of mortality at adult ages.10

This indicator is easy to understand, to
interpret, and to decompose thereby allowing
us to quantify the impact of age- and
cause-specific mortality on changes in life
span variation over time.14 Moreover, the
high correlation between our preferred in-
dicator and othermeasures of variability in life
spans (e.g., variance, Gini coefficient) suggests
that ourmain results would be consistent with
those obtained with any of these additional
measures.14

Demographic Methods
To mitigate random variation in cause-

of-death classification, we smoothed
cause-specific death rates over age by using a
1-dimension P-spline separately by year, sex,
and state, and rescaled them to all-cause death
rates to maintain the overall mortality level.24

Using these mortality rates, we computed
period life tables for each year (1995–2015),
state, and sex following standard demographic
methods.25 Finally, we computed life ex-
pectancies and life span variation conditioned
on surviving to age 15 years and estimated
the age- and cause-specific contributions to
yearly differences between the study periods
by using standard decomposition techniques
(see section B, available as a supplement to the
online version of this article at http://www.
ajph.org).26 All analyses were carried out by
usingR27 and are reproducible (see sectionC,
available as a supplement to the online version
of this article at http://www.ajph.org; in
addition, we created an interactive app to
perform sensitivity analyses available here:
https://demographs.shinyapps.io/LVMx_15_
App).

RESULTS
Table 1 shows cause-specific contributions

to changes in life expectancy and life span
inequality at age 15 years between 1995 and
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2015 and between 2005 and 2015. Among
males, life expectancy increased more than
twice as fast in 1995 to 2005 (1.17 years) than
in 2005 to 2015 (0.55 years). Most causes of
death contributed to life expectancy’s im-
provement in 1995 to 2005 (except for di-
abetes and accidents). Importantly, homicides
declined in 1995 to 2005, which accounted
for about 38.5% (0.45 years) of the overall
gain in life expectancy in this period. About
80% (0.36 years) of the homicide reduction
was concentrated between the ages of 15 and
49 years (Figure B, panel a, available as a
supplement to the online version of this article
at http://www.ajph.org). By contrast, the
slowed-down improvement in life expec-
tancy in 2005 to 2015was mainly the result of
rising homicides and heart diseases—hence,
their negative contributions. Female life
expectancy increased by 0.58 years in 1995
to 2005 and 0.57 years in 2005 to 2015.
These gains resulted from mortality im-
provements in most causes of death with a
negative impact of diabetes and a negligible
impact of homicides, traffic accidents, and
heart diseases.

Life span inequality declined by more than
half a year between 1995 (14.31) and 2005
(13.77) for males. This means that, on aver-
age, Mexican males were losing 6 months
of life less at their time of death in 2005 than
in 1995. Although life span inequality also
declined between 2005 and 2015 (–0.15),
the reduction in 1995 to 2005 was about 4
times larger. In other words, male life span
inequality was stagnant in recent times.
Nonetheless, improvements in other causes of
death contributed to a reduction in life span
inequality in both periods; for example,
mortality declines in accidents and cirrhosis at
younger ages (Figure A, available as a sup-
plement to the online version of this article at
http://www.ajph.org). Importantly, homi-
cides (about 0.19 years) had the largest effect
on increasing life span variation in 2005 to
2015 (i.e., positive contribution). For females,
life span variation decreased since 1995 be-
cause of improvements in most causes of
death. However, in 1995 to 2005, increased
mortality from diabetes and traffic accidents
increased life span inequality, and in 2005 to
2015, homicides were the major contributor

to slowing down improvements in variation
of life spans. These results underscore the
major role of rising homicide rates among
young adults in recent times and the conse-
quent slow improvement in reducing life span
inequality.

In Figures 1 and 2, we focus on results for
males because the impact of homicides is
larger among them; results for females are in
Figures C and D (available as supplements to
the online version of this article at http://
www.ajph.org). Figure 1 shows changes in
life expectancy (panel a) and in life span in-
equality (panel b) for males in each of the 32
states in Mexico between 1995 and 2005 and
between 2005 and 2015. We grouped states
into 3 broad regions: north, central, and
south.

Life expectancy among males had a larger
increase in 1995 to 2005 than in 2005 to 2015
across all states (panel a) except for Yucatán;
some states even experienced reductions in
life expectancy in 2005 to 2015, particularly
in the north (e.g., Chihuahua, Nuevo León,
and Sinaloa). Life span inequality (panel b)
was reduced in most states over the 2 decades,

TABLE 1—Contribution to the Change in Life Expectancy and Life Span Inequality at Age 15 Years in the Periods 1995–2005 and 2005–2015 at
the National Level by Cause of Death When Younger Than 85 Years: Mexico

Contribution to Life Expectancy, Years Contribution to Life Span Inequality, Years

Cause of Death 1995–2005 2005–2015 1995–2005 2005–2015

Males

Amenable to medical service 0.508 0.169 –0.073 0.005

Diabetes –0.572 –0.076 0.028 –0.029

IHD 0.007 –0.116 –0.023 0.003

Lung cancer 0.048 0.099 –0.004 –0.003

Cirrhosis 0.041 0.280 –0.026 –0.105

Homicide 0.447 –0.290 –0.265 0.186

Traffic accidents –0.069 0.180 0.048 –0.097

Other 0.767 0.303 –0.193 –0.107

Total change 1.17 (57.08 to 58.25) 0.55 (58.25 to 58.80) –0.54 (14.31 to 13.77) –0.15 (13.77 to 13.62)

Females

Amenable to medical service 0.630 0.393 –0.236 –0.144

Diabetes –0.612 0.106 0.100 –0.060

IHD 0.074 –0.048 –0.023 –0.012

Lung cancer 0.017 0.021 –0.005 –0.002

Cirrhosis 0.032 0.060 –0.017 –0.028

Homicide 0.023 –0.039 –0.014 0.029

Traffic accidents –0.021 0.044 0.015 –0.024

Other 0.443 0.030 –0.156 0.030

Total change 0.58 (62.75 to 63.33) 0.57 (63.33 to 63.90) –0.34 (12.40 to 12.06) –0.21 (12.06 to 11.85)

Note. IHD= ischemic heart disease.

AJPH OPEN-THEMED RESEARCH

March 2019, Vol 109, No. 3 AJPH Aburto and Beltrán-Sánchez Peer Reviewed Research 485



1995 to 2015, except for those in the north
and Nayarit. For example, almost every state
between 1995 and 2005 hadmajor reductions
in life span inequality of at least 0.4 years, but
between 2005 and 2015, all states in the north
had negligible reductions in life span in-
equality with 5 states having a large increase
(Chihuahua, Nuevo León, Tamaulipas [all
bordering Texas in the United States],
Sinaloa, and Durango).

Figure 2 shows the contribution of ho-
micides to changes in life span inequality
between 1995 and 2005 and between 2005
and 2015 by state. For contributions from all
cause-of-death categories and for females, see
Figures E and F (available as supplements to
the online version of this article at http://
www.ajph.org).

Every state experienced decreased life span
inequality because of reductions in homicide
mortality between 1995 and 2005. In the
same period, all but 2 states for males, Baja
California Sur in the north and Tlaxcala in the
central region, showed decreased life span
variation attributed to improvements in
medically amenable conditions (Figures E and
F). Aswe hypothesized, the states showing the
larger reductions weremostly concentrated in
the southern region of Mexico (e.g., Chiapas,
Oaxaca, Puebla, Guerrero, and Morelos).

A decade later (2005–2015), however,
there was more heterogeneity in the contri-
bution of causes of death to life span in-
equality. For example, conditions amenable
to medical service contributed to reductions
in life span inequality in some states but small
increases in 9 states for males distributed across
the country, while cirrhosis decreased varia-
tion in life spans in the central and northern
regions. Homicides increased variation in life
spans. Although the increase in homicides
affected life span inequality in all states after
2005, 1 state in the south was affected the
most (about a 1-year increase for males and
about 2 months for females in Guerrero),
followed by some states in the north (increase
of about 0.75 and 0.5 years in Chihuahua and
Sinaloa, respectively) and in the central part of
the country (e.g., Colima). Mortality associ-
ated with diabetes showed negligible con-
tributions to life span inequality in both
periods. Results for females indicate sub-
stantial reductions in life span inequality from
medically amenable conditions and diabetes
in the period 1995 to 2015.

−0.5 0.0 0.5 1.0 1.5

Chihuahua
Nuevo León

Sinaloa
Durango

Tamaulipas
Coahuila

Baja California
Zacatecas

Sonora
San Luis Potosí

Baja California Sur

Nayarit
Tlaxcala

Mexico State
Guanajuato

Querétaro
Colima

Aguascalientes
Jalisco

Michoacán
Hidalgo

Mexico City

Quintana Roo
Morelos
Tabasco
Yucatán

Campeche
Puebla

Veracruz
Oaxaca

Guerrero
Chiapas

Change in Years of Life

a

N
o

rt
h

C
e

n
tr

a
l

S
o

u
th

1995−2005

2005−2015

Chihuahua
Nuevo León

Sinaloa
Durango

Tamaulipas
Coahuila

Baja California
Zacatecas

Sonora
San Luis Potosí

Baja California Sur

Nayarit
Tlaxcala

Mexico State
Guanajuato

Querétaro
Colima

Aguascalientes
Jalisco

Michoacán
Hidalgo

Mexico City

Quintana Roo
Morelos
Tabasco
Yucatán

Campeche
Puebla

Veracruz
Oaxaca

Guerrero
Chiapas

N
o

rt
h

C
e

n
tr

a
l

S
o

u
th

−0.5 0.0 0.5 1.0 1.5

Change in Years of Life

b

Note. Life span inequality refers to life years lost because of death, which indicates heterogeneity in ages at
death. A value of zero in life span inequality indicates that all cohort members die at the same age (i.e., no
inequality in ages at death). This figure shows how life span inequality changed in 2 periods: positive values
suggest increases in years of life lost and negative values correspond to reductions in life years lost because
of death. Hence, the desirable association would be that, as life expectancy increases, life span inequality
decreases. This figure shows each of the 32 Mexican states grouped in broad regions: north, central, and south.
Within each region, states are ordered according to themagnitude in changes in life expectancy at age 15 years
in the period 2005–2015.

FIGURE 1—Changes by State and Period in (a) Male Life Expectancy at Age 15 Years and
(b) Male Life Span Inequality at Age 15 Years: Mexico, 1995–2005 and 2005–2015
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DISCUSSION
Ten years after the beginning of the War

onDrugs,Mexico has not been able to reduce
homicides and their effect on longevity, at
least to the levels observed back in 2005. As
violence spread throughout the country,17

life expectancy gains slowed down between
2005 and 2015, with a temporary reversal in
average life span in 2005 to 2010.7,8 Despite
recent efforts from the Mexican government
to contain the upsurge of violence in the
country,5,28 data up to 2015 show that life
circumstances among young adults have not
improved and are actually deteriorating. For
example, almost every state experienced a
reduction in male life expectancy at age 15
years across all regions in Mexico because
of homicides (Figure G, available as a

supplement to the online version of this article
at http://www.ajph.org). The strongest effect
occurred in Guerrero, a state in the southern
region, where life expectancy was reduced by
almost 2 years between 2005 and 2015, fol-
lowed by Chihuahua and Sinaloa in the
north, with life expectancy losses of 1 year
each.Other states also experienced reductions
in life expectancy albeit of lowermagnitude; 3
states in the north (Zacatecas, Baja California
Sur, andNuevo León), 1 in the central region
(Colima), and 1 in the south (Morelos) ex-
perienced losses of half a year. These detri-
mental consequences offset increases in life
expectancy attributable to ongoing public
health interventions such as the enactment of
a universal health insurance program (Seguro
Popular).8,9,18

Furthermore, homicides have slowed
down the progress in reducing life span in-
equality among young adults in Mexico.
Although life span inequality declined by
more than half a year between 1995 and 2005,
a decade later, this progress was stagnant and
barely reached a reduction of less than 2
months. Increase in homicide mortality,
concentrated in the young population (be-
tween the ages of 15 and 50 years), accounted
for most of this outcome. Thus, males in
Mexico not only live less on average, as shown
by life expectancy, but they also face more
uncertainty in their time of death attributable
to the increase in homicides. Larger variation
of life spans underlies greater vulnerability at
the population level. For example, inMexico,
the expected years lived vulnerable to be-
coming victim of violence increased by 30.5
million person-years between 2005 and
2014.29 Moreover, increasing inequality of
life spans means larger heterogeneity in
population health, which translates into the
need for more resources to optimize health
over the life course.13

At the subnational level, the states that
experienced reductions in life expectancy
after 2005 also showed increases in life span
inequality attributable to homicides. These
results are consistent with the upsurge in vio-
lence in these parts of the country. Although
homicides have spread across Mexico,16 they
are not evenly shared among states and over
time. By 2010, the north of Mexico was the
region most affected by homicide mortality.8

By contrast, by 2015, all regions showed similar
patterns of the effects of homicides on life span
inequality. Moreover, although in 2010 Chi-
huahua (northern region) was the state affected
themostbyhomicides relative to the2005 level,
in 2015, Guerrero (southern region) had
overtaken this place.

The impact of violence in the population
in these states is staggering. For instance, in
2010, males aged 15 to 50 years in Chihuahua
had 3 times higher mortality than the US
troops in Iraq between 2003 and 2006.8

Recent evidence suggests that the second-
and fifth-most dangerous cities in the world
are located in the state of Guerrero, ranked
along with cities in countries with higher
homicide rates than Mexico.30 As a result,
young males in Guerrero experienced an
increase in life span inequality of almost an
additional year. These results complement
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Note. This figure shows how homicides contributed to changes in life span inequality (i.e., panel b of Figure 1)
in 2 periods: positive values suggest increases in years of life lost because of homicides and negative values
correspond to reductions in life years lost because of death. This figure shows each of the 32 Mexican states
grouped in broad regions: north, central, and south. Within each region, states are ordered according to the
magnitude of the impact of homicides to life span inequality at age 15 years in the period 2005 to 2015.

FIGURE 2—Contribution of Homicide Mortality to Changes in Male Life Span Inequality by
State and Period: Mexico, 1995–2005 and 2005–2015
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previous evidence on adult health inequalities
among states9,22 by identifying homicides as a
direct contributor to inequalities in pop-
ulation health between and within states.
Moreover, homicides are the ultimate formof
violence, but they do not fully represent its
burden on population health. As a social
determinant of health, exposure to violence
can increase the likelihood that young people
will perpetrate gun violence31 and increases
the risk of depression, alcohol abuse, suicidal
behavior, and psychological problems,
among other detrimental consequences over
the life course.32 Even witnessing violence
can affect the well-being of the population by
increasing rates of posttraumatic stress disor-
der and depression.33

Here, we quantified the effect of rising
homicides on longevity and on life span in-
equality. However, our understanding of the
consequences of violence would benefit from
future research examining if indeed in-
dividuals living in states with increases in life
span inequality do perceive higher vulnera-
bility and how this might affect their long-term
decisions. These studies should also focus on
women as they are less likely to experience a
crime, but they perceive greater vulnerability.29

Moreover, often women are placed in care-
giving roles for victims or experience the loss of
close relatives because of violence that affects
their lives and psychological well-being.29 In
addition, more research is needed to quantify
the long-lasting consequences of rising violence
in the context of theWar onDrugs to anticipate
and intervene in the pathways through which
the current violence might affect future health
outcomes. For example, the health system
might need to be prepared for mental health
issues such as depression, suicidal behavior, and
posttraumatic stress disorder.

In an international context, Mexico’s level of
violence is not even the highest in the region.
Countries in Central America, such as El Sal-
vador andHonduras, andVenezuela, Colombia,
and Brazil in South America have higher ho-
micide rates.1,2 It is likely that these countries
experience higher variation in life spans, which,
along with the existence of high levels of ho-
micides, points to possible failure of policies to
reduce the burden of violence. These policies
should paymore attention to social determinants
of premature mortality and psychosocial factors
and get to the root of violence to prevent its
diffusion toward the young population.

Limitations
This study has some limitations. First,

inaccuracies in cause-of-death practices are
likely to be present in the data that we used.8

To reduce these inaccuracies, we used broad
causes of death and adjusted them with a
smoothing process over age to have reliable
cause-of-death distributions.24 Second, our
estimated effects of homicides could be a
lower bound because of undercounting,
underreporting, and the large number of
missing individuals.8 Third, we were not able
to disentangle whether a homicide was
drug-related (e.g., a homicide resulting from
altercations between drug cartels and army
operations).Thus, our results provide an upper
bound for the possible impact of the War on
Drugs at the population level. Finally, we were
not able todisaggregatedeathsby socioeconomic
status and other social factors that are closely
linked with homicides given that the data are at
the aggregate national level. Future research
should try to shed light into the individual-level
pathways of violence and its effects on life ex-
pectancyand life span inequality.31This illustrates
the need for reliable estimates of mortality by
cause of death and population by socioeconomic
status and other social factors in Mexico.

Conclusion
Mexico has failed to recognize and correct

the detrimental consequences in health and
human rights that suppressive and drug-
prohibition policies have had on the pop-
ulation.34 There is an urgent need to replace
current policies with policies that are less
focused on military actions against drug
cartels. For example, other countries that
underwent a similar upsurge of violence as-
sociated with drug cartels successfully
implemented programs on improving
schooling outcomes and educational and
community programs to reduce the risk
factors of violence (e.g., alcohol consump-
tion).35 This will prevent homicides and
contribute significantly to increases in life
expectancy as well as greater equality of in-
dividual life spans in Mexico.
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Table A. Classification of causes of death based on Aburto et al 2016 

Category ICD 10 ICD 9 
I.  Amenable  to  medical  service 
I.A.  AM-Infectious  &  respiratory  diseases  :   intesti-
nal  infections,  tuberculosis,  zoonotic  bacterial dis-
eases,  other  bacterial  diseases,  septicemia,  poliomye-
litis, measles, rubella, infectious hepatitis, ornithosis, 
rickettsioses/ arthropod-borne, syphilis (all forms), yaws, 
respiratory diseases, influenza & pneumonia, chronic 
lower respiratory diseases 
I.B.  AM-Cancers:   malignant  neoplasm  of  colon, skin,   
breast,   cervix,   prostate,   testis,   bladder, kidney-
Wilm’s tumor only, eye, thyroid carcinoma, 
Hodgkins disease, leukemia 
I.C. AM-Circulatory:  active/acute rheumatic fever, 
chronic  rheumatic  heart  disease,  hypertensive  disease, 
cerebrovascular disease 
I.D. AM-Birth: maternal deaths (all), congenital cardio-
vascular  anomalies,  perinatal  deaths  (excluding 
stillbirths) 
I.E. AM-Other:  disease of thyroid, epilepsy, peptic ul-
cer, appendicitis, abdominal hernia, cholelithiasis &  
cholecystitis,  nephritis,  benign  prostatic  hyperplasia, 
misadventures to patients during surgical or 
medical care, cisticerchosis. 

A00-A09,  A16-A19,  B90, 
A20-A26, A28, A32, A33, 
A35, A36, A37, A40-A41, 
A80,  B05-B06,  B15-B19, 
A70, A68, A75, A77, A50-
A64,  A66,  J00-J08,  J20-
C50,    C53,    C61,    C62, 
J39,    J60-J99,    J09-J18, 
J40-J47 
C16,C18-C21,    C43-C44, 
C67, C64, C69, C73, C81, 
C91-C95 
I00-I02,  I05-I09,  I10-I13, 
I15, I60-I69, O00-O99,  
Q20-Q28,  P00-P96 
E00-E07,   40-G41,   K25-
K27,  K35-K38,  K40-K46, 
K80-K81,  N00-N07,  N17- 
N19, N25-N27, N40, Y60- 
Y69, Y83-Y84, B69 

001-009,  010-018,  32,  33, 37,    
137,    020-027,    38, 45,  55-
56,  70,  73,  080-082,   087,   
090-099,   102, 460-479, 500-
519, 480-488, 490-496 
153-154,    172-173,    174, 180,   
185,   186,   188-189, 190, 193, 
201, 204-208 
390-392, 393-398, 401-405, 
430-438, 630-676, 745-747, 
760-779, 240-246,    345,    
531-533,540-543,    550-553,    
574-575.1, 580-589, 600, E870-
E876, E878-E879 

II.  Diabetes E10-E14 250 
III.  Ischemic Heart  Diseases (IHD) I20-I25 410-414, 429.2 
IV.  Lung  cancer C33-C34 162 
V.  Cirrhosis K70 571.1-571.3 
VI.  Homicides X85-Y09 E960-E969 
VII.  Road  traffic  accidents V01-V99 E810-E819 
VIII.  Residual  Causes  :  HIV/AIDS; suicide and self-in-
flicted injuries; other cancers and other heart diseases 

B20-B24,  U03;  X60-X84, 
Y87.0; C00-D48; I00-I99 if 
not listed above; R00-R99 

042-044;  E950-E959; 140-
239;  390-459 if not listed 
above; 780-799 
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Section A. Lifespan inequality indicator 
In lifetable notation, e15

†  is defined as: 

e15
† =  

∫ ℓ(x)μ(x)𝑒𝑒(x)dx ω
15

ℓ(15)
=
∫ 𝑑𝑑(x)𝑒𝑒(x)dxω
15

ℓ(15)
,                                 (1) 

where  ℓ(x),  μ(x), 𝑒𝑒(x), 𝑑𝑑(x) and ω are the survival function, the force of mortality, life expectancy, the age at death distribution at 
age x, and the open-aged interval, respectively.  
 

Section B. Decomposition method summary 
The decomposition method used in this paper is based on the line integral model (Horiuchi et al 2008). Suppose 𝑓𝑓 (e.g. 𝑒𝑒† or life 
expectancy) is a differentiable function of 𝑛𝑛 covariates (e.g. each age-cause specific mortality rate) denoted by the vector 𝑨𝑨 =
[𝑥𝑥1, 𝑥𝑥2, … , 𝑥𝑥𝑛𝑛]𝑇𝑇. Assume that 𝑓𝑓 and 𝑨𝑨 depend on the underlying dimension 𝑡𝑡, which is time in this case, and that we have observations 
available in two time points 𝑡𝑡1 and 𝑡𝑡2. Assuming that 𝑨𝑨 is a differentiable function of 𝑡𝑡 between 𝑡𝑡1 and 𝑡𝑡2, the difference in 𝑓𝑓 between 
𝑡𝑡1 and 𝑡𝑡2can be expressed as follows: 

𝑓𝑓2 − 𝑓𝑓1 =  ��
𝜕𝜕𝑓𝑓
𝜕𝜕𝑥𝑥𝑖𝑖

𝑑𝑑𝑥𝑥𝑖𝑖 = �𝑐𝑐𝑖𝑖

𝑛𝑛

𝑖𝑖=1

𝑥𝑥𝑖𝑖(𝑡𝑡2)

𝑥𝑥𝑖𝑖(𝑡𝑡1)

𝑛𝑛

𝑖𝑖=1

,                                 (2) 

where 𝑐𝑐𝑖𝑖 is the total change in 𝑓𝑓 (e.g. 𝑒𝑒† or life expectancy) produced by changes in the 𝑖𝑖-th covariate, 𝑥𝑥𝑖𝑖. The 𝑐𝑐𝑖𝑖 's in equation (2) were 
computed with numerical integration following the algorithm suggested by Horiuchi et al (2008). This method has the advantage of 
assuming that covariates change gradually along the time dimension. 

 
Section C. Code and data to reproduce results 

Available at https://github.com/jmaburto/Violence-and-Lifespan-variation   
 
Shinny app for sensitivity and state specific analysis 
Results with starting age 15, available at https://demographs.shinyapps.io/LVMx_15_App/ 
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Supplemental figures. All figures are own calculations based on CONAPO (2017) and INEGI (2017) data.  
 
Figure A. Age standardized homicide rates by sex 1995-2015. 
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Figures B and C shows age- and cause-specific contributions (in years) to life expectancy and lifespan inequality’s changes at age 15 between 1995 
and 2005 (Panels A) and between 2005 and 2015 (Panels B). Vertical values in rectangles next to the y-axis represent age-specific contributions, 
while bars’ length correspond to cause-specific contributions by age. Overall cause-specific contributions across all ages are shown in the panel’s 
legend in parenthesis (also in years).  
 
Figure B-1 . Age-cause specific contributions to the changes in national life at age 15 for Males. Panel A refers to 1995-2005 and panel B to 
2005-2015. Note: Numbers in boxes are age-specific contributions. 
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Figure B-2 . Age-cause specific contributions to the changes in national lifespan inequality at age 15 for Males. Panel A refers to 1995-

2005 and panel B to 2005-2015. Note: Numbers in boxes are age-specific contributions. 
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Figure C-1. Age-cause specific contributions to the changes in national life expectancy for females. Panel A refers to 1995-2005 and panel 
B to 2005-2015. Note: Numbers in boxes are age-specific contributions. 
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Figure C-2. Age-cause specific contributions to the changes in national lifespan inequality for females. Panel A refers to 1995-2005 and 
panel B to 2005-2015. Note: Numbers in boxes are age-specific contributions. 
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Figure D. Changes in female life expectancy (panel A) and male lifespan inequality (panel B)  
by state for the periods 1995-2005 and 2005-2015.  
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Figure E. Cause-specific contributions to changes in male lifespan inequality at age 15 by state for the periods 1995-2005 and 2005-2015 
(x-axis in different scale than the paper). 
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Figure F. Cause-specific contributions to changes in female lifespan inequality at age 15 by state for the periods 1995-2005 and 2005-2015. 
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Figure G. Homicide contributions to changes in male life expectancy at age 15 by state for the periods 1995-2005 and 2005-2015. 
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Abstract

Background: Venezuela is one of the most violent countries in the world. According to

the United Nations, homicide rates in the country increased from 32.9 to 61.9 per 100 000

people between 2000 and 2014. This upsurge coincided with a slowdown in life expec-

tancy improvements. We estimate mortality trends and quantify the impact of violence-

related deaths and other causes of death on life expectancy and lifespan inequality in

Venezuela.

Methods: Life tables were computed with corrected age-specific mortality rates from

1996 to 2013. From these, changes in life expectancy and lifespan inequality were

decomposed by age and cause of death using a continuous-change model. Lifespan in-

equality, or variation in age at death, is measured by the standard deviation of the age-

at-death distribution.

Results: From 1996 to 2013 in Venezuela, female life expectancy rose 3.57 [95% confi-

dence interval (CI): 3.08–4.09] years [from 75.79 (75.98–76.10) to 79.36 (78.97–79.68)], and

lifespan inequality fell 1.03 (–2.96 to 1.26) years [from 18.44 (18.01–19.00) to 17.41 (17.30–

18.27)]. Male life expectancy increased 1.64 (1.09–2.25) years [from 69.36 (68.89–59.70) to

71.00 (70.53–71.39)], but lifespan inequality increased 0.95 (–0.80 to 2.89) years [from

20.70 (20.24–21.08) to 21.65 (21.34–22.12)]. If violence-related death rates had not risen

over this period, male life expectancy would have increased an additional 1.55 years, and

lifespan inequality would have declined slightly (–0.31 years).

Conclusions: As increases in violence-related deaths among young men (ages 15–39)

have slowed gains in male life expectancy and increased lifespan inequality, Venezuelan

males face more uncertainty about their age at death. There is an urgent need for more

accurate mortality estimates in Venezuela.

Key words: Causes of death, decomposition analysis, homicides, young male mortality, firearm-related deaths,

cardiovascular revolution
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Introduction

Most Latin American countries experienced sizable

improvements in health, living standards and longevity in

the second half of the 20th century.1 In Venezuela, mortal-

ity declined progressively from 1930 onward,2 with life ex-

pectancy increasing from 54.9 years in 1950 to 74.2 years

in 2013.3,4 These advances were driven first by a reduction

in infant mortality;5 then by the postponement of death in

adults; and, finally, by improvements in old-age mortality.6

However, gains in life expectancy have slowed for both

sexes since the mid-1990s. While life expectancy increased

by 3.8 years per decade between 1950 and 1990, gains

since 1990 have fallen to 1.8 years every 10 years.3

This slowdown coincides with a continuous rise in lev-

els of violence in Venezuela. At the beginning of the 1990s,

an ‘epidemic’ of violence had already been identified.7,8

Homicides increased steadily and more than doubled be-

tween 1995 and 2009 (from 20.3 to 49.0 homicides per

100 000 inhabitants).9 By 2010, around 13% of all deaths

were due to violence and injuries,10 and the country had

the fourth-highest crude mortality rate from external

causes in the world.11

Life expectancy is the most widely used indicator of pop-

ulation health, and it reflects the overall level of longevity of

a population. In this study, we assess the contribution of vi-

olence to the recent slowdown in life expectancy gains in

Venezuela. We also quantify the effect of violent deaths in

an equally important dimension of health: the dispersion of

ages at death, or lifespan inequality.12 Lifespan inequality is

an indicator of how similar ages at death are, and has be-

come an important public health topic alongside health

inequalities.13 It is interpreted as a marker of heterogeneity

in ages at death at the macro level14 and of survival uncer-

tainty at the individual level.15,16 Since lifespan inequality is

highly sensitive to premature mortality15 and homicides are

concentrated at working ages, the net effect of the upsurge

of violence is unknown. Studying life expectancy alongside

lifespan inequality in this context may give policymakers a

better understanding of the effects of violence on population

health. The combination of the two indicators suggests that

individuals’ decisions are based not only on their expected

lifespan, but on their uncertainty about when they will

die.12

Over the last decade, public institutions in Venezuela

have been forced to follow a strict policy of secrecy. Since

2013, data sources have not been updated nor made pub-

licly available.17 The government’s constant denials that

mortality is increasing, and particularly mortality due to

external causes, has made it difficult to assess recent

trends. The withholding of official homicide counts started

well before 2013. The last official annual homicide data

were made publicly available a decade earlier.18 Official

data on homicides are traditionally generated by law en-

forcement authorities’ determination of the intent in each

case. However, in the absence of law enforcement data, it

is possible to use the statistical information produced by

health authorities certifying the cause of death of individu-

als.9 To compensate for this lack of data, we corrected the

death counts published by the Ministry of Health for the

period 1996–2013.

Since the beginning of the 1990s, homicide mortality in

Venezuela has been concentrated between ages 15 and 50,

and has mainly affected males (10 times more males than

females).19 We therefore hypothesize that deaths from hom-

icides have contributed to the slowing of improvements in

male life expectancy. As life expectancy and lifespan in-

equality are negatively correlated,15 we expect to observe a

similar adverse effect on lifespan inequality reductions. We

focused on the period after 1996 to test our hypotheses.

During this period, life expectancy trends in Venezuela were

affected not only by the upsurge in violence, but by large

declines in deaths from circulatory diseases20 and the emerg-

ing importance of cancer and diabetes.4

Data

We examined death counts from official mortality year-

books reported by the Venezuelan Ministry of Health from

Key Messages

• The recent upsurge in violence has slowed male life expectancy gains related to reductions in mortality from other

causes (e.g. circulatory, infectious and respiratory diseases).

• Increasing lifespan inequality due to violence-related mortality corresponds to greater uncertainty among Venezuelan

males about their age at death.

• Counteracting the eroding effect of violence, decreases in cardiovascular mortality and under-five mortality are the

main drivers of increasing life expectancy in both sexes.

• Venezuela could improve its overall longevity and lower its lifespan inequality by reducing violent deaths.
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1996 to 2013.21 We used annual population estimates

from the Venezuelan National Institute of Statistics22 as

the denominator to compute age-specific death rates. For

data availability and assessment, see Supplementary

Material: 1. Data sources in Venezuela, pp. 2–5, available

as Supplementary data at IJE online.

Causes of death were classified according to the 10th re-

vision of the International Classification of Diseases (ICD-

10) and grouped into: (i) circulatory diseases (e.g. heart

diseases, hypertension, ischaemic heart diseases and

cerebrovascular diseases); (ii) neoplasms; (iii) diabetes;

(iv) homicides and other violent deaths (e.g. homicides,

undetermined intent and legal intervention); (v) other ex-

ternal causes (e.g. traffic accidents, injuries and suicide);

(vi) respiratory diseases; (vii) infectious diseases; (viii) di-

gestive diseases; (ix) conditions originating in the perinatal

period; and (x) remaining causes. For a detailed descrip-

tion, see Supplementary Material: 4. Cause of death classi-

fication Table 3, p. 15, available as Supplementary data at

IJE online. To improve the accuracy of our estimates of vi-

olent deaths, we defined them as cases in which the death

certificate stated that the cause of death was ‘homicide’ or

a violent death of undetermined intent; see details in

Supplementary Material: 1.2 Mortality data, p. 2, avail-

able as Supplementary data at IJE online.

To ensure data quality, mortality estimations were ad-

justed for under-reporting, age misreporting and ill-

defined causes of death.23,24 Adjustment for the impact of

under-reporting on mortality rates was undertaken by ap-

plying indirect estimation methods on data from the

1990, 2001 and 2011 population censuses. Specifically,

the synthetic extinct generation and the General Growth

Balance methods were combined25 to estimate adult mor-

tality (Supplementary Material section 2.1.1 Adult mor-

tality Coverage, pp. 7–9, available as Supplementary data

at IJE online), and the Trussell variant of the Brass

method26 was used to estimate infant mortality

(Supplementary Material section 2.1.2 Infant mortality

coverage, p. 9, available as Supplementary data at IJE on-

line). A set of under-registration ratios was obtained by

contrasting intercensal indirect estimation and directly es-

timated mortality rates. These under-registration ratios

were linearly interpolated and extrapolated into the time

frame of our analysis. We assumed that the rate of under-

registration did not fluctuate greatly, but declined

smoothly at a constant pace.

All data assessments and quality adjustments are de-

tailed in the Supplementary Material: 2. Quality of con-

tent, pp. 9–12, available as Supplementary data at IJE

online. Additionally, a robustness check of our life expec-

tancy estimates and violence-related death rate was carried

out using international sources in Supplementary Material:

3. Comparing with life expectancy estimations, p. 14,

available as Supplementary data at IJE online.

Analytical methods

Annual period life tables were constructed using standard

demographic methods.27 From these, life expectancy and

lifespan inequality were calculated with 95% empirical

confidence intervals from bootstrapping with exponential

distribution with piecewise constant rate.28 The latter was

measured by the standard deviation of the age-at-death dis-

tribution (r).29 Changes in both indicators during the study

period were decomposed based on a continuous change

model.30 An advantage of this method is that it assumes

that covariates change gradually (Supplementary Material

7. Description of the decomposition method, p.19, avail-

able as Supplementary data at IJE online). Through de-

composition, we dissected contributions (in years) to

changes in life expectancy and lifespan inequality by each

cause of death at each age.31 For further details, see

Supplementary Material: 6. Brief description of the life-

span variation indicator, pp. 15–16, available as

Supplementary data at IJE online.

Although several lifespan inequality indicators exist

(e.g. Gini coefficient, life years lost, variance), the high de-

gree of correlation between them suggests that our main

results would be consistent with those obtained by another

indicator.29 In addition, by using the standard deviation,

we ensure the comparability of lifespan inequality with life

expectancy because both are expressed in years. These

indicators were chosen because they are easy to under-

stand, interpret and decompose, and thus allow us to quan-

tify changes in age- and cause-specific mortality over time.

Results

Between 1996 and 2013, male life expectancy increased

1.64 [95% confidence intervals (CI): 1.09–2.25] years [from

69.36 (68.89–69.70) to 71 (70.53–71.39) years)], while fe-

male life expectancy increased twice as much [from 75.79

(75.38–76.10) to 79.36 (78.97–79.68) years], gaining 3.57

(3.08–4.09) years. Differences in mortality reductions led to

an increase in the sex differential in life expectancy from

7.19 years in 1996 to 8.76 years in 2013, see Figure 1.

The largest gains in life expectancy for both females and

males occurred at ages below 1 year and above 55 years.

Infant mortality accounted for 13% (þ0.44 years) and

33% (þ0.55 years) of gains in life expectancy for females

and males, respectively. The gains were mostly due to

reductions in deaths from conditions originating during the

perinatal period, and from respiratory and infectious dis-

eases. At older ages, decreasing mortality from circulatory
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A

B

Figure 1. Top (Male) and bottom (Female) shows the age- and cause-specific contributions to changes in life expectancy between 1996 and 2013.

Positive (i.e. life expectancy increases) and negative (i.e. life expectancy losses) contributions by cause of death are indicated by the bars.

Additionally, the overall contributions by age group are shown in the boxes at the bottom, and the total contributions by cause of death are indicated

in parentheses in the legend.
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diseases led to life expectancy gains of 1.83 years for

females and 1.34 years for males. However, these gains

were offset by increasing mortality from diabetes and vio-

lence. Diabetes mortality, which mostly affected the popu-

lation over age 50, was associated with decreases in male

and female life expectancy of 0.23 and 0.14 years, respec-

tively. Meanwhile, homicide was the cause of death that

had the largest negative impact on male life expectancy

(–1.55 years), whereas the impact of this cause on female

life expectancy was negligible (–0.07 years). Life expec-

tancy losses due to homicide were concentrated in men be-

tween the ages of 15 and 50.

Between 1996 and 2013, lifespan inequality decreased

1.03 (–2.96 to 1.26) years [from 18.44 (18.01–19.00) to

17.41 (17.30–18.27) years] for females, but increased 0.95

(–0.81 to 2.89) years [from 20.7 (20.24–21.09) to 21.65

(21.34–22.12)] for males, see Figure 2.

Discussion

Between 1996 and 2013, the impact of violent deaths on

male life expectancy in Venezuela was substantial

(–1.95 years). The increase in homicides offset improve-

ments in mortality from other causes such as cardiovascular

diseases, and led to an unprecedented increase in lifespan in-

equality (0.95 years). Recent homicide trends suggest that

conditions will not improve, and may even deteriorate.

When studying Latin American mortality, the first chal-

lenge is undoubtedly insufficient data quality and cover-

age. During the 20th century, Venezuela’s vital statistics

system was more robust than those of most Latin

American countries.32 Coverage improvements in mortal-

ity registry data continued during the first decade of the

21st century.33,34 However, the government’s recent policy

of strict secrecy has made it difficult to access data, and

thus to assess mortality trends. Here, we contribute to the

existing literature on Latin American mortality by over-

coming those limitations and producing robust estimations

of life expectancy, lifespan inequality and violence-related

deaths by using established powerful methodologies to ad-

just for under-registration during the period of our

analysis.

Additionally, in the interests of accuracy, we identified

violent deaths by grouping death counts in which the un-

derlying causes of death could include not just ‘assault’,

but also an ‘event of undetermined intent’ or ‘legal inter-

vention and operations of war’. We used this approach be-

cause homicides are not usually counted as such in the

mortality yearbooks if the intent was not legally deter-

mined before the death certificate was produced. The legal

determination of intent depends on the findings of the po-

lice investigation, and not on the actual occurrence of the

violent act. Our strategy therefore enabled us to estimate

death counts that correspond more closely with official

data on annual homicides (released up to the year 2003)

and unofficial figures reported by national non-

governmental organizations (Supplementary Material: 1.1

Mortality data, pp. 2–3, available as Supplementary data

at IJE online).

Our findings show that improvements in both life ex-

pectancy and lifespan inequality were mostly driven by

reductions in under-five mortality. Decreases in deaths

from cardiovascular diseases also contributed greatly to in-

creasing life expectancy. These results are in line with the

trends we would expect to observe during the second cycle

of the health transition.35 The main development that ran

counter to such positive changes was the upsurge of vio-

lence, which had such a large detrimental impact on

Venezuelan males that all of their gains in life expectancy

from reductions in deaths from other causes were eroded.

As a result of this trend, improvements in life expectancy

have slowed, and as we show, lifespan inequality has even

increased. Males in Venezuela are not just dying earlier on

average; they are facing greater uncertainty about their

eventual time of death due to the threat of premature

mortality by violence. Globally, there are very few

national-level examples of periods in which life expectancy

stagnated or decreased while lifespan inequality increased.

During a period of life expectancy stagnation that occurred

in the 1960s and 1970s in the former Soviet Union, over

half of the time the yearly changes in life expectancy and

lifespan inequality occurred in the same direction due to

mortality deterioration at young ages.36 Thus, ours is the

first study to document an effect of high homicide rates on

increasing lifespan inequality in tandem with stagnation in

life expectancy at the national level. In the United States,

life expectancy has stagnated, but lifespan variation has in-

creased among males as the opioid epidemic has spread.13

This excess young male mortality is a recent phenome-

non. Throughout the 1980s, the homicide rate in

Venezuela was relatively low; i.e. it was close to the levels

observed in countries like Costa Rica, at around eight per

100 000 inhabitants.37 However, the social and economic

upheavals of that decade led to changes in the prevalence

of violence in Venezuela.38 Prior to that period, violence in

Venezuela was largely related to political conflict, and was

rarely the subject of explicit attention. Thereafter, violence

became associated with the urban agglomerations and

‘slums’ that sprang up as the country experienced rapid ur-

banization and high levels of rural–urban migration. This

shift in prevalence reflects the increase in social inequality

and the fragile legitimacy of the state, together with a gen-

uine ‘culture of violence’37 that has intensified in most

Latin American countries.
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A

B

Figure 2. Top (Male) and bottom (Female) shows the age- and cause-specific contributions to changes in lifespan inequality. Major improvements in

under-five mortality (mainly due to fewer deaths from perinatal conditions) and in mortality from infectious and respiratory diseases together led to

decreases in lifespan inequality of 1.20 years in males and of 1.34 years in females. However, these improvements were offset by the surge in male

homicide mortality at young ages (15–45). Homicides and other violent causes led to an increase in male lifespan inequality of 1.26 years. Lifespan in-

equality also increased due to improvements in cardiovascular mortality at ages 60 and older (blue bars).
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Three major violent events preceding our time frame

have been identified as tipping points: the popular uprising

against price increases known as ‘El Caracazo’ (1989) and

two attempted coups (1992 and 1993).19,39 These events

led to a doubling of the homicide rate, and since then vio-

lence has not been contained. To put these trends in per-

spective, the homicide rates in Venezuela in 2012 (53.7 per

100 000 inhabitants) were higher than those of Latin

American countries that have experienced undeclared civil

wars in recent decades,7 such as El Salvador (41.2),

Guatemala (39.9) and Colombia (30.8). In 2010, the vio-

lent death rate was higher in Caracas (80.6) than it was in

war-torn Iraq (54.6).11 Legally declared homicides, ‘extra-

judicial executions’ by criminal organizations, police bru-

tality and violent deaths of undetermined intent were the

most common causes of these violent deaths.40 Similar

results have been reported for Mexico, where life expec-

tancy stagnated and lifespan inequality increased in some

regions, due to increases in homicide mortality related to

the war on drugs.41–43

The uniqueness of the Venezuelan experience could be

linked to the combination of two circumstances: rapidly

rising wealth and surging homicide rates. Unprecedented

increases in national income per capita, which enabled the

wider distribution of wealth at the individual level, oc-

curred at the same time as homicide rates were rising

sharply.44 Most studies have viewed income inequality as a

social determinant of ill health and violence,45,46 and the

evidence suggests that in most countries inequality is asso-

ciated with higher rates of homicides and other crimes.47,48

The Venezuelan case challenges assumptions about this re-

lationship. Since the early 2000s in Venezuela, indicators

of poverty and inequality have decreased Supplementary

Material: 8. Wealth and inequality in Venezuela, p. 19,

available as Supplementary data at IJE online, whereas

rates of kidnapping and of other crimes have increased

Supplementary Material: 9. Crime in Venezuela, p. 20,

available as Supplementary data at IJE online. This para-

dox may be attributable to the combined effects of extraor-

dinarily large oil revenues and the failure of the state to

guarantee the security of its citizens.49

Our results underscore the impact of violence on lon-

gevity and on lifespan inequality in Venezuela. The country

could increase its overall longevity and decrease its lifespan

inequality simply by focusing on a clear public health tar-

get of reducing homicides. To reverse the detrimental

effects of violence, new public health interventions are

needed. To reduce homicides, policies that disarm the civil

population and effectively control the legal use of arms

should be implemented. Most of the homicides reported in

this analysis were committed with firearms, which are

widely available in the country. The share of firearm-

related deaths in Venezuela more than tripled between

1996 and 2013, from 1.8% to 6%. Furthermore, between

2003 and 2007, Venezuela was second among South

American countries and 17th in the world in terms of mili-

tary spending increases.50,51 In a context of institutional

weakness, the supply of weapons in Venezuela has flooded

a black market in which local police and armies have be-

come the main weapons smugglers.52

At an official level, the Venezuelan government has

implemented various policies aimed at stopping violence

and criminal activities, including legal and structural

reforms of all existing local police forces (2006), the estab-

lishment of a unique national police force (2009), and the

creation of a presidential commission to control firearms

and weapons (2011).53 As our results show, these efforts

have been insufficient, not only because of the structural

weaknesses of Venezuelan public institutions44 and their

high levels of corruption, but because of the inconsistent (if

not contradictory) attitude of the government regarding the

use of violence.54 When we compare the situation of

Venezuela with that of other countries in the region during

our period of analysis, we see that Colombia and Venezuela

not only experienced opposite trends, but almost swapped

their homicide rates. From 2000 to 2012, Colombia man-

aged to decrease its incidence of violence from a higher

starting point (66.5 to 30.8 per 100 000 inhabitants) than

that of Venezuela (32.9 to 53.7 per 100 000 inhabitants).9

These inverse outcomes are products of different institu-

tional approaches to social control.44 While Venezuela’s

institutions were experiencing a process of systematic anni-

hilation, Colombia strengthened the credibility of its institu-

tional mechanisms of access to justice.55

The future of Venezuela does not seem promising.

Outbreaks of political violence have intensified in recent

years, and the steady militarization of the police could lead to

further increases in the prevalence of violence. Unfortunately,

the additional effects of acute forms of political and socio-

economic disintegration on mortality trends cannot be

updated at this point in time. However, our findings suggest

that male life expectancy trends are likely to shift from stagna-

tion to decline, and that as a result, life expectancy and life-

span inequality will be negatively correlated.

Supplementary data

Supplementary data are available at IJE online.
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1. Data sources in Venezuela 

To calculate life expectancy it is necessary accurate mortality rates. To pursue this, we corrected death and birth counts 
and population older than one year old exposed to the risk of death at mid-year for the period 1996-2013. The first 
challenge was to select the most reliable data source. We describe next, the existing demographic data sources and 
estimations in Venezuela; we compared them and specified our selection and correction process. Later on, we put in 
perspective our estimations with those coming from international organizations such as World Health Organization 
(WHO), Latin American Mortality Database (LAMBdA) and Global Burden of Disease (GBD). 

 
1.1 Mortality data 

In Venezuela, there are only two official mortality and demographic data producers: Venezuelan Ministry of Health 
(VMH) and the Venezuelan National Institute of Statistics (VNIS). Historically, death counts reported by VMH have 
better coverage in comparison with VNIS (Graph 1). This is because official death counts published by the VMH as 
mortality yearbooks(1) -and reported by WHO - come from medical certificates. While VNIS’s death counts(2) come from 
registered death certificates, which involve an extra step for the deceased’s family members. 

Deaths with medical certification increased significantly during the 70’s in Venezuela, up to 90% of total deaths had been 
certificated. This increase continued and, at the beginning of the 2000’s, only 0.3% of deaths lacked medical 
certification.(3) Even more, annual VMH’s reported deaths had good data quality: at the beginning of the 90’s, proportion 
of under-coverage was already estimated in less than 10% (4) and continuous improvements placed it around 2.4% during 
the first decade of the 21st  century.(3, 5) 

 

Graph 1. Death counts by different official data source, 1990-2013. 

 

PDF file versions of mortality yearbooks until year 2013 were available online on VMH’s official website. Since then, a 
strict secrecy policy has ruled public institutions regarding all mortality and health data (6, 7)  and data sources are no longer 
updated nor publicly available. The secrecy policy has been even stronger on official homicide data. Systematically, 
specialized data sources on the topic have been disappearing from public access since the beginning of the twenty-first 
century. The Venezuelan Bureau of Scientific and Criminal Investigations (VBSCI) used to release official data on annual 
homicides. This information has no longer been publicly available since 2003.(8)   
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Some national non-government organizations published unofficial homicides figures with the aim to uncover the true 
impact of the violence on ordinary Venezuelans. The Venezuelan Observatory of Violence (VOV) gathers the most 
regular published data since 2008. Graph 2 summarizes VOV and VBSCI homicide counts, as well as our violent deaths 
counts grouping on VMH and Pan-American Health Organization (PAHO) data.  

PAHO’s homicides estimations are based on a standardized statistical model used to produce data on all causes of death, 
which provide only figures on intentional homicides. (9) The same happens with VMH data, reason why we grouped as 
violent deaths those in which the death certificate stablished “Assault” (X85-Y09) normally assumed as homicide, but 
also “Event of undetermined intent” (Y10-Y34) and “Legal intervention and operations of war” (Y35-Y36). This is 
important because some homicides are usually not counted if the intent is not legally determined.  

 

Graph 2. Death counts due to violence in Venezuela, different sources, 1990-2017. 

 
Source: VBSCI = LACSO Briceno Leon, 2006, VOV= Venezuelan Observatory of Violence annual reports. 
Uncorrected violent death (ICDX: X85-Y09, Y10-Y34, Y35-Y36) from Venezuelan Ministry of Health (VMH) 
and Pan-American Health Organization (PAHO): Health Information Platform for the Americas (PLISA) 
http://www.paho.org/data/index.php/en/indicators-mortality/mnu-lcd-en.html?showall=&start=2,  

 

1.2 Population estimation 

The updating of the Venezuelan population estimation and projections 1950-2050 by sex and age groups were carried out 
in 2016 by VNIS in collaboration with ECLAC’s population division. VNIS has reviewed and updated their long-term 
national population estimates and projections taking into account the latest census rounds (2001, 2011).(10) PRODEM 
(DEMographics PROjections) was used to elaborate official population estimations and projections in the context of each 
census round results. The method applied is the demographic component method that corresponds to an adaptation of the 
projections programs ABACUS and RUP (Rural-Urban Projections) developed by the United Nations Population 
Division. (11)   
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The biggest challenge experienced when estimating population is always related to migration estimations, especially in 
countries where migration may be important. Lack of continuous population registration hinders accurate estimations for 
return migration or migration flow. In Venezuela’s case, the inter-census period 2001-2011 did not show significant 
international migration flows, neither the period used as reference in this analysis (2013). According to United Nations 
Department of Economic and Social Affairs migrant stock estimations (12)  in 2000 international emigrants were 317,323 
and 2010, they raised to 550,420. On the other side, international immigration stock in Venezuela was 1,013,663 in 2000 
and 1,331,488 in 2010. 

Household and population censuses in Venezuela have been regular since 1950, each ten or eleven years a census has 
been conducted by the VNIS. The unit of analysis has been restricted to the household and always has followed a De jure 
definition (enumeration of individuals as of where they usually reside). The three lasts census 1990, 2001 and 2010 are 
available online in the ECLAC’s REDATAM platform.(13) “REtrieval of DATa for small Areas by Microcomputer”- 
REDATAM is used by Latin American National Statistical Offices, either for data processing or online data consulting 
via REDATAM Webserver. ECLAC’s permanent assistance to Latin American countries has resulted in standardized 
procedures. Moreover, ECLAC makes available on line information on Venezuelan demographic patterns in several 
comparative thematic databases such as: the International Migration in Latin America database (IMILA),(14) the Internal 
Migration in Latin America and the Caribbean database (MIALC)(15), Indigenous and Afro-descendant Population 
database (PIAALC)(16) and Urbanization and Spatial Population Distribution database (DEPUAL)(17) all publicly 
available. 

Direct evaluations on census 1990 and 2001 data were carried out by VNIS through post-enumeration surveys as well as 
indirect evaluation on census 2011. Results showed an omission of 9.1% (1990), 7.8% (2001) and 6.5 % (2011).(18) 

Omission has been concentrated in young male population and under five-year population. Both omission patterns have 
been considered to produce VNIS population estimations. 

At the international level, other population estimations may be found for the same period. United Nations Economic 
Commission for Latin America and the Caribbean (ECLAC) produced and published population estimations (19) in 2016. 
These estimations cover the period 1950 to 2100. ECLAC’s long–term figures were updated using household and 
population censuses data. The latest census gleaned in 2011(20) allowed ECLAC to review recent trends in fertility 
patterns. Other source producing population estimations is the World Health Organization. All estimations are presented 
in Graph 3. ECLAC’S estimation and VNIS show similar patterns and levels for all age groups. The main difference 
between these estimations and WHO’s are seen in the youngest age group (0 to 14 years old), and in the oldest age group 
(more than 55 years). WHO tents to over-estimate population in younger ages and females over 75 years, while under-
estimating males over 55 years in comparison with ECLAC’s and VNIS’s. Consequently, the total number of population 
estimate each year is larger in WHO’s estimations. We decided to use VNIS annual estimation to produce mortality rates. 

 

 

1.3 Births  

Official birth counts were traditionally published by the Venezuelan National Institute of Statistics (VNIS) and 
Venezuelan Ministry of Health (VMH). Official VMH birth counts based on birth certificates are only available until the 
year 2009. (21) No official technical document was found related to how these estimates were produced or corrected. On 
its side, VNIS continued publishing birth counts on its official website until the year 2012,(22) however, the only time 
referenced on this data is the year of registration and not the year of occurrence of the event, reason why they cannot be 
included in this analysis.  

Considering the lack of information, we relied on estimated birth counts produced by international organizations. the 
United Nations Economic Commission for Latin America and the Caribbean (ECLAC) published in 2016 birth counts 
for all Latin American countries (23) during the period 1950 to 2100. These long–term figures are updated considering 
household and population censuses data and vital registered statistics. The latest census collected in 2011 allowed ECLAC 
to review recent trends in fertility patterns. We also compared birth counts estimations coming from different international 
organization, such as WHO and GBD, all sets are displayed in Table 1. 
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Graph 3. Venezuelan population estimations by sex (by thousands), age group and source 

 

In comparison, birth counts estimated by WHO and GBD are larger than those estimated by ECLAC for the whole period. 
We chose to use birth counts produced by ECLAC because their estimations are based on the most recent corrected census 
data. 
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Table 1. Venezuelan birth counts by different sources, 1996-2013 

Year VMH VNIS ECLAC WHO GBD 
1996 497975   569490 575937   
1997 516636  569815 576664  

1998 501808  570139 577771  

1999 527888  570464 579275  

2000 544416 544416 570789 581150 572980 
2001 529552 529552 571114 583322  

2002 492678 492678 571438 585638  

2003 555614 555614 571763 587952  

2004 530565 637799 572088 590172  

2005 585655 665997 572413 592242 595790 
2006 588500 646225 572738 594141  

2007 591345 615371 573062 595878  

2008 594191 581480 573387 597438  

2009 594300 593845 573712 598768  

2010  591303 574037 599805 603610 
2011  615132 574361 600493  

2012  619530 574686 600811  

2013   597902 575011 600744   
 

 

 

2. Mortality data quality  
Determining the accuracy of the data is a prerequisite to any attempt to achieve reliability on estimations. Biased 
estimations are consequence of both inaccuracies in the data and errors in the assumptions involved to produce the 
estimates. Registered vital system data in Venezuela have historically had coverage and quality problems. Even when 
multiple of them have been overcome before and during the period of our analysis, a remaining proportion of under-
registration in the data, misreporting age, and ill-defined causes of death persist. In order to determine and correct these 
errors, 1) we applied indirect mortality estimations to both infant and adult mortality as a complementary tool to evaluate 
our death counts; and 2) We assessed the data to determine the proportion of missing information, sex preference, age 
exaggeration and proportion of ill-defined causes of death. 

 

2.1 Coverage assessment 

We used indirect methods based on crosschecking against censuses to evaluate the coverage of VMH’s death counts 
estimations. We calculated coverage of adult and infant death counts separately using household and population censuses 
from 1990, 2001 and 2011.  

 

2.1.1 Adult mortality Coverage 

There has been a consensus on the pertinence of using deaths distribution methods on Latin American mortality 
estimations,(24) mainly: the General Growth Balance method (GGB), the Synthetic Extinct Generations method (SEG) 
and a recent combination of both (25) to determine the coverage by sex. Here we applied the combination of both methods. 
With these methods, a single estimation is obtained for each inter-census period: 1990-2001 and 2001-2011. Results came 
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as proportions of death coverage that later on were linearly inter-extrapolated into a yearly coverage factor for the period 
1998 to 2013, and applied to all deaths except for infants. 

SEG method is based on the extinct generations method in which the number of people aged x at some past time can be 
estimated by accumulating all deaths in the population at ages x and older, when the last member of the cohort has died, 
leaving the entire cohort extinct. If registration of deaths is accurate, the estimated population  𝑁𝑁�  age x at time t is equal 
to the estimated population age x+5 plus the number of actual deaths times the effect of growth rate 𝑟𝑟𝑥𝑥 Thus, 

 

𝑁𝑁�𝑥𝑥 =  𝑁𝑁�𝑥𝑥+5 exp(5 ∗ 5𝑟𝑟𝑥𝑥) + 5𝐷𝐷𝐷𝐷 exp(2,5 ∗  5 𝑟𝑟𝑥𝑥)                                 (1) 

 

For more precise growth estimation 5𝑟𝑟𝑥𝑥, we used the SEG variant including migration and growth rates for each age group 
(5NMx) as well as the differential omission coefficient (𝛿𝛿) on census data, then: 

 

5𝑟𝑟𝑥𝑥 =
ln�5𝑁𝑁𝑁𝑁(𝑡𝑡2)

5𝑁𝑁𝑁𝑁(𝑡𝑡1)�

t2−t1
− 5𝑁𝑁𝑁𝑁𝑥𝑥

(𝑡𝑡2−𝑡𝑡1)�5𝑁𝑁𝑥𝑥(𝑡𝑡1)∗5𝑁𝑁𝑥𝑥(𝑡𝑡2)�
1
2

+ 𝛿𝛿                                    (2) 

 

The differential omission coefficient (𝛿𝛿) on census data was estimated using GGB method. This method is a variant of 
the Brass Growth Balance method. It comes from the idea that entries of each age group will be equal to the sum of 
outputs of each age group, being both linearly related. Since the relationship between the rates of input and output is 
linear, estimation of coverage (c) and differential omission coefficient (𝛿𝛿) are equal to the slope of the line derived from 
the points N(x) / N(x +) and D(x +) / N(x +). The differential omission coefficient (𝛿𝛿) is obtained comparing estimated 
omission on both census counts  𝑘𝑘1

𝑘𝑘2
 

𝑁𝑁(𝑁𝑁)

  𝑁𝑁(𝑁𝑁+)
 − 𝑟𝑟(𝑥𝑥+) =   1

𝑡𝑡
∗ 𝑙𝑙𝑙𝑙 �𝑘𝑘1

𝑘𝑘2
� +  (𝑘𝑘1+𝑘𝑘2)

1
2

𝐶𝐶
∗
𝐷𝐷(𝑁𝑁+)

𝑁𝑁(𝑁𝑁+)
                                  (3) 

 

Each method has advantages and limitations, either way some requirements are constant: 1) the completeness of the 
reporting of deaths has to be the same for all ages and 2) there is no misreporting of age. The reason of these requirements 
is that none of the methods is designed to correct the population or death structures, they just adjust the level of estimated 
mortality. The combination of both methods allows producing mortality rates estimations, corrected from under-
registration of death and isolated -as possible- of under-enumeration in population effects.  

Migration data (5𝑁𝑁𝑁𝑁𝐷𝐷 ) included in the indirect methods to estimate mortality rates came from Household and Population 
censuses (international immigration), and United Nations Department of Economic and Social Affairs (2015) census 
round worldwide (international emigration). To estimate the structures of the emigration stocks, we combined the total 
emigration stock by sex, with the proportional distribution of Venezuelan living in United States, for being this country 
the main destiny of attraction (37% of Venezuelan emigrants in 2010 lived in Unites States). Our assumption is that the 
structure found in the main destiny could represent population structure of all emigrants. Once stocks are estimated for 
each census round, it is possible to get the net inter-census migration flow. 

 

𝑁𝑁𝑁𝑁𝑁𝑁 𝑁𝑁𝐹𝐹 = 𝑁𝑁 (𝑡𝑡+𝑛𝑛)
𝐹𝐹  −  𝑁𝑁 (𝑡𝑡)

𝐹𝐹 + �𝑛𝑛
2
∗ �e + 𝑁𝑁 (𝑡𝑡+𝑛𝑛)

𝐹𝐹 � ∗ 𝑚𝑚𝐹𝐹�                   (4) 

 

Where, eF represents the total number of Venezuelan emigrants on the time t and t+n, and mF is an estimate of the crude 
mortality rate of the population in the country of origin. We used mortality rates estimated by ECLAC’s for the period. 
Once inter-census international emigration flows are produced, net inter-census migration by age group and sex is 
estimated as: 

𝑁𝑁𝑁𝑁𝑁𝑁 𝑁𝑁5 𝑥𝑥 R = ��𝑁𝑁𝑁𝑁𝑁𝑁 𝑖𝑖5 𝑥𝑥 + �𝑛𝑛
2
∗ �e + 𝑁𝑁 (𝑡𝑡+𝑛𝑛)

𝐹𝐹 � ∗ 𝑚𝑚𝐹𝐹�� −  𝑁𝑁𝑁𝑁𝑁𝑁 𝑁𝑁5 𝑥𝑥 � R          (5) 

Where, 𝑖𝑖5 𝑥𝑥  represents the number of inter-census immigrants aged x to x+5 at the time t and 𝑁𝑁5 𝑥𝑥  emigrants.  
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We used the R package DDM developed by Tim Riffe, Everton Lima and Bernardo Queiroz in 2017 to apply indirect for 
adult mortality methods. Results are displayed in Table 2. 

 

Table 2. Death counts inter-census coverage estimation by death distribution methods 

Sex 
Inter-

Census 
period  

GGBSEG 
Age group 

𝛿𝛿 
Lower Upper 

Male 
1990-2001 0.9347 20 55 0.9932 
2001-2011 0.9472 30 65 0.9742 

Female 
1990-2001 0.9779 15 50 0.9832 
2001-2011 0.9892 30 70 1.0038 

 

Once inter-census coverage estimations were calculated they were linearly inter and extrapolated in order to have a yearly 
correction factor. This decision in based on the assumption that the rate of under-registration does not fluctuate widely 
but declines smoothly at a constant pace. One linear model for each sex gave us the yearly correction factor (CF). 
𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  −1.562998 + 0.0013 𝑦𝑦𝑁𝑁𝑦𝑦𝑟𝑟 and 𝐶𝐶𝐶𝐶𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  −1.28424 + 0.0011 𝑦𝑦𝑁𝑁𝑦𝑦𝑟𝑟. In Graph 4, we displayed our life 
expectancy estimation using uncorrected and corrected death rates using the CF by sex. 

 

Graph 4. Life expectancy estimations using corrected and uncorrected rates 

 
It is important to include in our correcting factors the continuous coverage improvements manifested during the period 
of our analysis. This is to avoid introducing artificial over-estimations corresponding to wider scope of the vital statistics 
system and not to demographic phenomena. Adjusting estimations by incorporating under-registration dynamics has 
become a mandatory task. We consider inter/extrapolating the inter-census under-registration ratios allowed us capturing 
theses change in the coverage and ensured accurate comparison through time. In this way, we avoid under-estimation at 
the beginning of the inter-census period and over-estimation of mortality due to adjusting through just one inter-census 
correction factor. 
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2.1.2 Infant mortality coverage 

Because there is not direct evaluation of the coverage of Infant Mortality Rate (IMR) estimations, we used indirect 
methods and compared the result obtained with the VMH’s death counts and different births counts estimations (WHO 
and VMH) including the one we considered the most appropriates for this analysis: ECLAC’s birth counts estimations. 
Additionally, we took information gathered on the last Census on the number of children ever born and children still alive 
by women’s age. This information is known as Summary Birth Histories (SBH). We used SBH to apply Brass’ model-
based method to estimate IMR. Brass’ model-based method converts the proportions of children ever born and dead of 
women grouped by their age are into a standard life table function through adjusting fertility and mortality model-age 
patterns. The analysis was done considering an average exposure-time indirectly approached from mothers’ age.(26) Then, 
the probability of dying 𝑞𝑞(0) depends on mother’s age (𝑁𝑁(𝑥𝑥,5) and the proportion of dead children (𝐷𝐷(𝑥𝑥,5)) 

 

𝑞𝑞(0) = 𝑁𝑁(𝑥𝑥,5) ∗ 𝐷𝐷(𝑥𝑥,5)                     (6) 
 

We used Trussell’s variant of Brass method, which calculates multipliers to transform proportions of dead children into 
cohort–specific probabilities of dying through regression approach.(27) This method gives retrospective mortality 
information, so it is possible to estimate infant mortality levels for a period of about 15 years prior to the census. For all 
estimation, we considered west model of Coale-Demeny life tables. Results are displayed in Graph 5, a comparison with 
others international estimations is included in this graph.  

Indirect estimations using Brass method were following the pattern found in IMR when considering VMH uncorrected 
data and ECLAC’s birth counts. Only last estimation for the year 2010 was lower than directly estimate IMR, this was 
because estimation on children survival for the group 15 to 19 years old women tends to be less accurate. Base on the 
results we kept IMR estimation with VMH’s death counts and ECLAC’s birth counts without any adjustment.  

In comparison with others international IMR estimations, our IMRs capture clearly the critical period in Venezuela socio-
political environment during the years 2002 to 2004, when two national strikes and a coup d’état took place. Even more, 
they evidenced the beginning of the slowing down on the improvements in infant mortality due to deterioration of health 
system, the shortage of medicines and the reduction of vaccination campaigns in many parts of the country.(28) 

 

 

2.2 Quality of content 

We evaluate the proportion of missing or unknown information as well as the quality of age and sex of VMH’s death 
counts.  
 

2.2.1 Missing information 

The proportion of cases with unknown information in the variables sex, age and causes of death it is less than 0.35% for 
all the period considered. Yearly proportion of cases with unknown information are shown in Graph 6 
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Graph 5. Venezuelan infant mortality rates by different method and data sources, 1996-2013 
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Graph 6. Percentage of VHM’s death counts with missing information, 1996-2013. 

 

 

2.2.2 Age and sex declaration 

All demographic statistics are subject to errors, so evaluating the consistency and orderliness of the data by sex and age 
constitute a first step of the analysis. A literature review pointed out age heaping and age exaggeration as the main 
problems in mortality data in Latin America. We worked with aggregated data, which smoothed the effect of age heaping. 

By its side, exaggerations tend to be concentrated in advanced ages.(29) To verify its existence, ratios of ten-year length 
cuts from population over 60 years were examined. Age ratios can provide a useful indication of possible undercounts or 
displacements between age groups. The higher are the ratios obtained the greater the chances of exaggerations in the 
declared age.(24) We fixed as limit the age ratios obtained from the Chilean death counts. Chilean population structure is 
identified as one of the most aged population structure in Latin America as well as one of the countries with better data 
quality. Ratios above Chilean would be indicative of age exaggeration in Mortality data. Results are displayed in Graph 
7. Chilean ratios are represented in the blue line. Result showed 80-years-old-and-over male deaths during the 2000 and 
2001 were the only cases in which the deaths ratios are over Chilean. 

 

Graph 7. Age exagerattion ratios of death counts, 1996-2013. 
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We also show sex ratios for all ages on VHM mortality data to evaluate the quality of sex declaration (Graph 8). Sex 
ratios in death counts turned out into the range of expected values, a bigger concentration of male death in young ages 
mostly due to high external causes of death. Lower levels of the ratios are concentrated just at the oldest ages.  

 

Graph 8: VHM’s death counts sex ratios, 1996-2013. 

 
 

2.2.3. Ill-defined causes of deaths 

The percentage of cases classified as ill-defined causes was less than 2.5% at the end of the 90’s and continued declining 
until the year 2013 to less than 0.75% for both sexes. Yearly percentage of ill-defined causes of death in VHM data is 
shown in Graph 9. 

 

Graph 9. Percentage of Ill-defined causes of death in VHM’s death counts, 1996-2013. 

 

 

Cases reported as ill-defined causes of death and unknown age were incorporated into the data by using a proportional 
weights adjustment of the cases with completed information and defined causes of death. (30) 
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3. Comparing with life expectancy estimations 

In this section, life expectancies using corrected specific mortality rates are compared with international estimations. 
Specifically: Global Burden of Diseases (GBD), United Nations Economic Commission for Latin American and the 
Caribbean (ECLAC), United Nations Population Division and Latin American Mortality Database (LAMBdA). All 
estimates were done using the same data sources but adjusted and calculated using different methods: ECLAC used long-
term mortality rates for the period 1950 to 2015 and projected its pattern until 2050. This estimation is based on life tables 
implicit in the population projections. ECLAC has updated all their estimations in 2016 considering population reported 
during the last census in 2011. (31)  

LAMBdA team produced inter-census adjusted life tables from vital statistics information. LAMBdA adjusted death rates 
for under-registration, adult age misstatement and ill-defined causes of death. Their adjustment procedures were chosen 
from a battery of 10-12 techniques that proved to be optimal in the sense of mean squared error reduction. (32)  

Our estimates fall between ECLAC, LAMBDA and GBD’s estimates with overlapping confidence intervals, which makes 
us more confident about the robustness in our results. In general, all estimations follow the same trend for both sexes 
(Graph 10). Stagnation in male life expectancy is observed in all estimations as well as a continuous increase female life 
expectancy. Differences are seen in the level, being LAMBdA inter-census estimation the lowest and GBD annual 
estimations the highest. In 2006, LAMBdA life expectancy at birth is 67.6 years (male) and 74.9 years (female), while 
GBD estimation for the same year is 70.9 and 79.0 respectively. Our estimations are between GBD and LAMBDA and 
they are closer to those calculated by ECLAC updated in 2016. 

Life expectancy shows a sudden decrease in 1999 when estimated by GBD, with a lower level than the others do. This is 
because for the year 1999, GBD included 30,292 deaths due to exposure to forces of nature. These deaths were attributed 
to a landslide occurred in the coast area of Vargas state. Indeed, initial unofficial reports given by local authorities rounded 
the death counts around 30,000 deaths during the days of the events. However, posterior specialized studies have showed 
that only 521 deaths could be officially attributable to the landslide, 333 in which the underlying cause of death was define 
as exposure to forces of nature in the mortality yearbook of that year. The others 188 deaths were registered on the 
mortality yearbook as ill-defined cause of death. Additionally to the registered deaths, only 331 people living on the area 
remained missing. (33)  

 

Graph 10. Life expectancy at birth, comparison with different estimations 
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4. Causes of death classification 

Table 3. Causes-of-death groups and ICD codes 

Causes of death group International Classification of 
Diseases  

10th revision coding 
Circulatory diseases (cardiovascular, stroke) I05-I09, I11, I13, I21-I51, I60-I69 
Neoplasms C00-C97 
Diabetes E10-E14 
Homicides and other violent causes with undetermined intention X85-Y09, Y10-Y34, Y35-Y36 
Other external causes (including traffic accidents, injuries and 
suicide) 

V01-V89, V90-X59, X60-X84 

Respiratory Diseases J00-J98 
Infectious Diseases A00-B99 
Digestive Diseases K00-K92 
Conditions originated in the perinatal period P00-P96 

 

 

 

5. Trends in violent causes of death 

Trends on violent deaths by sex are show in Graph 11. Additionally, age-specific violent rates by sex estimations 1996 to 
2013 are compared with Global Burden of Diseases (GBD) estimations (Graph 12 for male and Graph 13 for females). 
Our corrected estimations show slightly higher rates than GBD estimations for male at all ages and females between 15 
and 24 years. It is likely that our estimates are higher and more accurate because we applied a coverage correction; this 
decision is due to several sources have documented the undercounting of deaths in Venezuela, including the World Health 
Organization. In addition, we defined violent deaths as those in which the death certificate stablished ‘Homicide’ as 
primary cause of death (Assault: X85-Y09) but also Event of undetermined intent (Y10-Y34) and Legal intervention and 
operations of war (Y35-Y36). This is important because some homicides are usually not counted if the intent is not legally 
determined. The legal determination depends highly on the police’s investigation and not to the actual occurrence. 
 
 
 

6. Brief description of the lifespan variation indicator 

In lifetable notation, it is: 

𝜎𝜎 = ��(𝐷𝐷 − 𝑁𝑁𝑚𝑚)2𝑓𝑓(𝐷𝐷)d𝐷𝐷
𝜔𝜔

𝑚𝑚

.                                 (7)               

Where 𝑓𝑓(𝐷𝐷), 𝑁𝑁0 and 𝜔𝜔 denote the age at death density function, life expectancy at age 𝑦𝑦, and the open-aged interval 
(85+ in our case), respectively. 
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Graph 11. Age-specific homicide rates by sex in Venezuela 
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Graph 12. Age-specific violent male deaths by source, 1996-2013 
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Graph 13. Age-specific violent female deaths by source, 1996-2013. 



18 
 

7. Description of the decomposition method 

The decomposition method used in this paper is based on the line integral model (Horiuchi et al 2008). Suppose 𝑓𝑓 (e.g. 
e† or life expectancy) is a differentiable function of n covariates (e.g. each age-cause specific mortality rate) denoted by 
the vector 𝐀𝐀 = [x1, x2, … , xn]T. Assume that 𝑓𝑓 and 𝐀𝐀 depend on the underlying dimension 𝑁𝑁, which is time in this case, 
and that we have observations available in two time points 𝑁𝑁1 and 𝑁𝑁2. Assuming that 𝐀𝐀 is a differentiable function of t 
between 𝑁𝑁1 and 𝑁𝑁2, the difference in 𝑓𝑓 between 𝑁𝑁1 and 𝑁𝑁2 can be expressed as follows: 

 

𝑓𝑓2 − 𝑓𝑓1 =  ��
𝜕𝜕𝑓𝑓
𝜕𝜕𝐷𝐷𝑖𝑖

𝑑𝑑𝐷𝐷𝑖𝑖 = �𝑐𝑐𝑖𝑖

𝑛𝑛

𝑖𝑖=1

𝑥𝑥𝑖𝑖(𝑡𝑡2)

𝑥𝑥𝑖𝑖(𝑡𝑡1)

𝑛𝑛

𝑖𝑖=1

,                             (8) 

 

where 𝑐𝑐𝑖𝑖 is the total change in 𝑓𝑓 (e.g. e† or life expectancy) produced by changes in the i-th covariate, 𝐷𝐷𝑖𝑖. The 𝑐𝑐𝑖𝑖 's in 
equation (2) were computed with numerical integration following the algorithm suggested by Horiuchi et al (2008). This 
method has the advantage of assuming that covariates change gradually along the time dimension. 

 

8. Wealth and inequality in Venezuela 

Continuous economic growth combines with reducing income inequality managed to lift an important proportion of 
Venezuelans out of poverty, to the extent that Venezuela became the least unequal Latin American country from 2006 to 
2011 in terms of Gini coefficient. (31)  Increases of the annual gross domestic product (GDP) per capita and reducing Gini 
coefficient for the period are shown in Graph 14. As consequence, reduction of the proportion of population living in 
extreme poverty were reported as well as the perception of not to earn enough income (Graph 15). 

 

Graph 14. Annual Gross Domestic Product (GDP) per capita and Gini coefficient, 1996-2013 

 

Source: Economic Commission for Latin America and the Caribbean- Statistics and Economic Projections 
Division, Social Statistics Unit. Based on special tabulations of the Latinobarometro Corporation Survey 
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Graph 15. Percentage of population living in extreme poverty and population declaring not to have enough 
incomes,1996-2013 

 
Source: Economic Commission for Latin America and the Caribbean- Statistics and Economic Projections 
Division, Social Statistics Unit. Based on special tabulations of the Latinobarometro Corporation Survey 

 
 
 

9. Crime in Venezuela 

Crime has risen sharply in the period. Reported kidnapping cases is one example of how crime has augmented at the same 
time than incomes (Graph 16). Victimization rate -also displayed in Graph 16- measured as the number of persons 
reporting to have being victims or having a family member who has been victim of a crime during the last year, showed 
increase trends. 

 

Graph 16. Victimization rate and number of reported kidnapping cases  

 
Source: Statistics and Economic Projections Division, Social Statistics Unit. Based on special tabulations of the Latinobarometro 
Corporation Survey and reported kidnappings cases to the Venezuelan Bureau of Scientific and Criminal Investigations (VBSCI) 
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Key questions

What is already known?
 ► Homicide rates, which have declined in other parts 
of the world, are rising in Latin America and the 
Caribbean (LAC) region, and most victims are ado-
lescents and young adults.

 ► Time-trend analysis has documented how rapidly 
violence can escalate in a country, while reductions 
take place slowly.

What are the new findings?
 ► Great diversity in terms of survival and risk of mor-
tality by homicide has evolved among LAC countries, 
in recent years, with comparable impact on reducing 
and increasing life expectancy in different countries.

 ► For the middle and low life expectancy countries, ho-
micide mortality, particularly among young men, is a 
major explanatory factor of the gap in life expectan-
cy with respect to high-income countries.

 ► The forerunners of longevity in the region have the 
lowest burden of homicide mortality.

What do the new findings imply?
 ► Efforts are needed to bring the region together to 
reduce the high levels of homicide mortality and to 
prevent a spread to other parts of LAC.

AbsTrACT
Introduction The homicide rates among young men in 
Latin America and the Caribbean (LAC) are the highest 
in the world. It is not clear how this has impacted the 
life expectancy in these countries. This research has two 
purposes: (1) to quantify the impact of homicides on the 
mortality gap between LAC and high-income countries 
over recent years and (2) to assess the changes in 
homicide impact in overall survival over time.
Methods Causes of death data were extracted for 23 
countries in the LAC and 15 European countries (average 
European union-15 [EU-15]), using UN, UNODC, WHO, 
HMD and IHME databases for the period 2005–2014. 
The contribution by homicide deaths to the change in life 
expectancy, over time and as a difference between two 
populations, was quantified using decomposition methods.
results The contribution by homicide mortality to 
changes in life expectancy levels differed widely across the 
examined LAC countries. In Honduras, homicide mortality 
accounted for 1.75 (95% CI 1.64 to 1.86) and 6.30 (95% CI 
6.07 to 6.53) years lower life expectancy than in the EU-15 
countries for women and men, respectively. Contrary to 
this, homicide was just accountable for less than a couple 
of months of life expectancy differences between Chile and 
EU-15. Jamaica had the largest reduction in homicides and 
its impact increased life expectancy over time by almost 
half a year for men. However, Mexican men and Honduran 
women have experienced increases in mortality by 
homicide, which decreased their life expectancy by more 
than a quarter of a year between 2005 and 2014.
Conclusions Excess mortality related to homicides 
in young people accounted for major changes in life 
expectancy in the LAC region. Furthermore, reducing 
excess mortality due to homicides is a crucial goal to 
further increase longevity towards levels of low-mortality 
countries. These reductions might prevent homicides 
spreading to other parts of Latin America. Decision and 
policy-makers in LAC need to address this immediately, 
and investing in the young population needs to be given a 
high priority.

InTroduCTIon
Over two million young people aged 15–29 
died in Latin America and the Caribbean 
(LAC) between 2005 and 2015 (estimates 
vary from 2 182 8321 to 2 230 8722). Young 

men account for most of those deaths, and 
their homicides correspond to 27%3–28%1 of 
the overall mortality in those ages. Further-
more, close to half of all homicides occur in 
the age group 15–29 (45%1–51%3). However, 
homicide rates differ across the LAC region. 
The two most populated countries, Brazil and 
Mexico, account for the highest number of 
homicides in absolute numbers. In relative 
terms, the LAC region has been ranked as the 
most dangerous in the world4; in El Salvador 
and Honduras in 2015 a staggering rate of 
109 and 64 homicides per 100 000 persons, 
respectively, has been reported for men while 
in the same year 27 and 57 homicides per 100 
000 persons have been noted in Colombia and 
Venezuela, respectively.5 In contrast, Argen-
tina and Peru only list 7 homicides per 100 
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000 persons while in Chile and Cuba 4 and 5.2 homicides 
per 100 000 persons, respectively, were reported which 
were comparable to the rate of 5 per 100 000 persons 
listed for the USA in 2015.5

Differences in mortality between LAC countries have 
not only been noted with respect to homicides.6 South 
American countries, such as Argentina, Chile and 
Uruguay, underwent a smooth epidemiological tran-
sition from reductions in rates of infectious diseases 
towards declines in cardiovascular deaths.7 However, 
Central American countries, such as Mexico, Guatemala 
and Honduras, as well as Brazil and Paraguay in South 
America, experienced a rapid epidemiological transition 
combining cardiovascular and infectious diseases since 
the 1980s.8 In addition, many of these countries are also 
burdened with high rates of homicides (online supple-
mentary figures Aa and Ab depicting the homicide rates 
and counts for women and men in the region, respec-
tively, and online supplementary figure A showing a 
map of homicides in the region are found in the online 
supplementary appendix).

In high-income countries, the second half of the 
20th century was marked first by a slow mortality reduc-
tion, and since 1970s, more rapid mortality reductions, 
particularly due to better treatment options for cardio-
vascular diseases.9 During the same period, even more 
pronounced mortality improvements were experi-
enced in several LAC countries, leading to closing the 
mortality gap with high-income countries.10 However, 
the remaining disparity in mortality between LAC and 
high-income countries might be challenged by the ageing 
of the population.11 Furthermore, it is unclear whether 
the homicide burden has counteracted the closing of the 
mortality gap.

Given the remarkably high rates of homicides and 
inequality in health outcomes in LAC, this research 
has two purposes: (1) to quantify the impact of homi-
cides on the mortality gap between LAC and high-in-
come countries over recent years and (2) to assess the 
changes in homicide impact in overall survival over time. 
By analysing life expectancy levels over time and using 
a representative European region as comparison, we are 
able to determine the relevance of this health challenge 
in shaping improvements in longevity in the region. The 
European comparison group is diverse, as is the LAC 
region, and has one of the lowest levels of homicide 
mortality (0.98 homicides per 100 000 people),5 justi-
fying its use as a benchmark. On a wider public health 
context, our results shed light on whether the effects of 
the high levels of violence in LAC, have a lasting impact 
on the overall mortality and to assess if interventions are 
needed.

MeTHods
Analysing data on homicide and other causes of death as 
well as drawing comparisons across time and countries is 
one of the top priorities in public health prevention.12 

To study the diversity in survival and the epidemiology 
of LAC, age-specific and cause-specific decompositions of 
differences in life expectancy over time were carried out. 
The time of analysis was: 1990–2014 for life expectancy 
trends, 2010–2014 for the comparisons of each LAC 
country with a group of European countries, denoted 
European union-15 (EU-15), and the period from 2005–
2009 to 2010–2014 for changes in life expectancy over 
time. Preliminary work on a wider range of years and 
number of causes of death determined the basis for the 
current study.13

For this analysis, countries with a population from 
LAC of less than 1 million in 2010 and from EU-15 of 
less than half a million were omitted to avoid substan-
tial random fluctuation due to small numbers. Based on 
population size and available mortality data from LAC, 
a total of 23 countries were selected: 6 countries in the 
Caribbean (Cuba, Dominican Republic, Haiti, Jamaica, 
Puerto Rico and Trinidad and Tobago), 7 countries in 
Central America (Costa Rica, El Salvador, Guatemala, 
Honduras, Mexico, Nicaragua and Panama) and 10 
countries in South America (Argentina, Bolivia, Brazil, 
Chile, Colombia, Ecuador, Paraguay, Peru, Uruguay and 
Venezuela). Table 1 lists the population sizes, life expec-
tancy and CIs, and average yearly homicides.

sources of data
This study involved secondary data analysis of public 
sources, which did not involve patients nor public (PPI). 
Two types of data were required to decompose the 
effects of different diseases on life expectancy changes: 
cause-specific mortality and life table data. A life table 
summarises the mortality experience of a population, 
calculating life expectancies from death rates.

Data on causes of death were obtained from World 
Health Organization mortality database (WHO)3 and 
the Institute of Health Metrics and Evaluations (IHME),1 
which contain data on cause-specific deaths over time 
for all the selected countries, except Haiti and Bolivia 
which are missing in WHO. The IHME includes rigorous 
assessment and estimates of the cause-of-death informa-
tion provided by WHO and the United Nations Office 
on Drugs and Crime (UNODC).5 In order to increase 
observations and ensure comparability across countries, 
we studied two periods: 2005–2009 and 2010–2014. For 
each LAC country, available data for the two periods were 
used to represent the years. For example, when using 
WHO data for Honduras, data were only available for 
the years 2008–2009 in the first period, and 2010–2013 
in the second (see online supplementary appendix table 
A1). There are two main reasons for the shorter time 
frame on the causes of death analysis as opposed to the 
1990–2014 for life expectancy trends: (1) Although we 
wanted to have an overall perspective of the trends in life 
expectancy, we wanted to emphasise the recent years of 
information on homicide mortality which in some coun-
tries in the region has increased disproportionally, (2) 
Causes of death information are more accurate in recent 
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Table 1 Population, life expectancy and homicides in Latin America and the Caribbean

Region and country

Population* Life expectancy 2010–2014 Homicides†

2010 Females Males UNODC IHME

Latin America and the Caribbean 599 823 77.9 (77.5, 78.2) 71.2 (70.7, 71.6) 123 688 129 438

  Caribbean (six countries) 41 621

  Cuba 11 308 81.3 (80.9, 81.5) 77.1 (76.7, 77.4) 519 622

  Dominican Republic 9898 76.5 (76.0, 76.8) 70.2 (69.7, 70.6) 1859 1300

  Haiti 10 000 64.4 (63.8, 64.8) 60.2 (59.6, 60.6) 874 755

  Jamaica 2741 77.9 (77.4, 78.2) 73.1 (72.6, 73.4) 939 638

  Puerto Rico 3710 83.2 (82.8, 83.4) 75.2 (74.8, 75.5) 879 666

  Trinidad and Tobago 1328 73.8 (73.4, 74.1) 66.9 (66.4, 67.2) 403 285

  Central America (seven countries) 161 117

  Costa Rica 4545 81.7 (81.3, 81.9) 76.7 (76.3, 77.0) 459 332

  El Salvador 6038 77.1 (76.6, 77.4) 67.9 (67.4, 68.3) 3477 3180

  Guatemala 14 732 75.0 (74.5, 75.4) 67.9 (67.4, 68.4) 4336 5334

  Honduras 7504 75.4 (74.9, 75.8) 70.4 (69.9, 70.8) 6575 2712

  Mexico 118 618 78.9 (78.5, 79.2) 74.0 (73.6, 74.4) 20 800 19 983

  Nicaragua 5738 77.5 (77.0, 77.8) 71.4 (70.9, 71.7) 732 590

  Panama 3621 80.5 (80.1, 80.8) 74.3 (73.8, 74.7) 680 576

  South America (10 countries) 397 085

  Argentina 41 223 79.8 (79.4, 80.1) 72.2 (71.7, 72.4) 3227 2558

  Bolivia (Plurinational State of) 9918 70.2 (69.6, 70.6) 65.3 (64.7, 65.8) 736 639

  Brazil 198 614 77.9 (77.4, 78.1) 70.3 (69.8, 70.6) 51 132 56 530

  Chile 17 015 84.1 (83.7, 84.4) 78.1 (77.7, 78.4) 561 836

  Colombia 45 918 77.4 (77.0, 77.7) 70.2 (69.7, 70.6) 12 209 16 872

  Ecuador 14 935 78.4 (77.9, 78.7) 72.8 (72.3, 73.2) 1988 2174

  Paraguay 6210 74.9 (74.5, 75.3) 70.7 (70.2, 71.1) 645 935

  Peru 29 374 76.8 (76.4, 77.2) 71.5 (71.1, 71.9) 2074 1046

  Uruguay 3374 80.4 (80.0, 80.7) 73.2 (72.8, 73.5) 239 161

  Venezuela (Bolivarian Republic of) 28 996 78.2 (77.8, 78.5) 69.9 (69.5, 70.3) 8345 10 714

IHME data were available for every single year.
*Population counts in thousand from UN database.
†Annual average homicides 2010–2014.
IHME, Institute of Health Metrics and Evaluations; UN, United Nations; UNODC, United Nations Office on Drugs and Crime; 

years, and available for a larger number of countries. 
Additionally, the recent shorter period for the causes of 
death did not require dealing with changes in the Inter-
national Classification of Diseases (ICD) codes, from 
revisions 9th to 10th, which on previous analysis showed 
some ruptures in causes of death time trends, although 
it was not so much the case for homicides.13 Age-specific 
cause-of-death data from WHO and IHME was divided 
with respect to homicides and all other causes of death 
in order to obtain their percentage composition at each 
age (see details in online supplementary appendix 2). 
All LAC countries reported cause-of-death data using the 
ICD revision 10 codes, during the study period. Cause-of-
death information was obtained for ages 0, 1–4 and then 
in 5-year age groups until the last age group which had 
an open end although varied by country (80 and more, 

or 80+, 85+ or 95+). Given that the major share of the 
age contribution to changes in life expectancy in LAC 
still occurs at ages below 80, this was not perceived as an 
obstacle. Furthermore, homicides tend to concentrate in 
the young adult ages around 15–29 years. Therefore, the 
analysis was focused on causes of death before age 80. 
Following the 10th revision of the ICD, homicides were 
defined as deaths recorded with codes X85–Y09 or Y87.1. 
In addition, figures for the overall number of deaths were 
retrieved.

A third data source on homicide deaths was obtained 
from the UNODC.5 This source includes aggregate 
figures for the annual number of homicides by age and 
sex for each country, which are estimated after harmon-
ising the definitions of homicide across countries, thus 
making it a good source for international comparison. 
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The homicide counts from UNODC were analysed by sex 
using the proportions obtained from UNODC, and by 
age using WHO data (see details in online supplemen-
tary appendix 2).

To maximise comparability in the age and cause-of-
death decomposition, we used life tables from the UN 
demographic yearbooks.14 Five-year life tables from 1990 
to 1994, 1995 to 1999, 2000 to 2004, 2005 to 2009 and 
2010 to 2014 were included in order to avoid random 
fluctuations from year to year. UN (United Nations) life 
tables are centred on the middle of the year, for example, 
2010–2015 corresponds to mid-2010 to mid-2015. To 
ensure consistency with the cause-of-death data, we 
considered them as corresponding to 2010–2014. These 
5-year data helped to have a broad comparability across 
the region, since many LAC countries could be included, 
particularly those with only a few years’ information. 
Finally, our interest is in the most recent years and thus 
the focus in the latest decade with available data. Causes 
of death were also organised in these five calendar years. 
We were able to match life table and cause-of-death 
data for the same years for most countries (see online 
supplementary appendix table A1). Table 1 also shows 
the disparities between the homicide data from UNODC 
and IHME. For Honduras, UNODC recorded three times 
more homicides than the IHME, and twice that number 
in Peru. While for Paraguay and Chile, IHME reports 
more homicides. On top of these discrepancies, many 
homicide deaths in the region go undercounted and 
these databases correspond to an underestimate of the 
actual levels of violent mortality. The analysis was carried 
out with both sets of data and their results included 
in the text and online supplementary appendix. The 
overall message of our study—the urgent need to put 
the health of the young generations at a high priority, 
and the regional great diversity on the risk of homicide 
mortality—remained irrespective of the data used.

UN life table data were compared with those of other 
data sources, such as the Economic Commission for 
LAC15, CEPAL for 2004 and 201015; the life table collec-
tions from the Latin America Mortality Database16 and 
the life tables provided by each of the national statis-
tical offices.17 The divergences between data sources 
varied by country. For example, coherent life expec-
tancy time trends across the different data sources were 
noted for Honduras. In contrast, data from CEPAL and 
the UN show an overall increase in Mexican life expec-
tancy during the first decade of the new millennium, 
2000–2010, while research18 19 and the national statistical 
office20 have noted a stagnation, particularly for men. 
This illustrates the need for caution when analysing data 
from this region. To account for this uncertainty, 95% 
empirical CIs for life expectancy were calculated using 
bootstrapping with exponential distribution with piece-
wise constant rate21 and are presented in table 1 and in 
the online supplementary appendix tables A1 and A2. 
The latter tables correspond to the use of UNODC and 
WHO databases in table A1 and the IHME database in 

table A2, figures in the result section present the numbers 
of online supplementary table A1.

In order to have a reference pool of high-income 
countries, average life tables and cause-of-death data 
were calculated for a representative EU-15 comprising: 
Austria, Belgium, Denmark, Finland, France, Germany, 
Greece, Ireland, Italy, Luxembourg, The Netherlands, 
Portugal, Spain, Sweden and the UK. Data regarding 
the EU-15 countries derived from the Human Mortality 
Database life tables, with comparable values to the UN 
information, and for the causes of death from WHO 
databases.3 14 22 The average life expectancy in 2010–2014 
was 83.5 years (95% CI 83.2 to 83.7) for women and 78.6 
years (95% CI 78.2 to 78.8) for men. Online supplemen-
tary figure A1 in the appendix includes time trends in 
the EU-15 life expectancies and details of the averaging 
procedure to obtain the EU-15 values are found in online 
supplementary appendix 1.

Analysis
Age and cause decomposition of the difference in life 
expectancy between each LAC country and EU-15 in 
2010–2014 was performed using standard demographic 
techniques.23 24 This methodology helped to determine 
the impact of homicides on the mortality gap between 
LAC and the benchmark, namely the EU-15 countries 
with the lowest levels of homicide mortality. For example, 
this approach allows us to study the contribution of homi-
cide mortality to the difference in life expectancy for 
men between Venezuela 69.9 years (95% CI 69.5 to 70.3) 
and EU-15 78.6 years (95% CI 78.2 to 78.8) in 2010–2014. 
To further assess the diversity in the region, decompo-
sitions of changes in life expectancy from 2005–2009 to 
2010–2014 were constructed.

All calculations were performed using the R-software 
programming language.25 Details of the methodology 
used are found in online supplementary appendix 2 
and a flow chart of the project in online supplementary 
appendix 3.

role of the funding source
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation or writing of 
the report. The corresponding author had full access to 
all the data in the study and had final responsibility for 
the decision to submit for publication.

resulTs
As seen in figure 1, life expectancy for women and men 
improved from 1990 to 2014 in the 23 examined coun-
tries. Based on ranking life expectancies for women in 
2010–2014, countries were classified into four groups: (1) 
high life expectancy (less than 4 years from the highest 
life expectancy [HLE]), (2) medium-high life expectancy 
(more than four and less than 6 years from HLE), (3) 
medium-low life expectancy (more than 6 and less than 8 
years from HLE) and (4) low life expectancy (more than 
8 years from HLE).
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Figure 1 Life expectancy in Latin America and the Caribbean (LAC) countries from 1990 to 2014 by sex and level of life 
expectancy.

Figure 1 shows that all countries have experienced 
reductions in mortality and increases in life expectancy 
in the period from 1990 to 2014. However, there are 
several dimensions of disparity in life expectancies: (1) 
a gap ranging from the HLE in 2010–2014 attained by 
women in Chile (84.1 years (95% CI 83.7 to 84.4)) to 
the other extreme in Haiti lagging by more than 19 years 
(64.4 years (95% CI 63.8 to 64.8); (2) a gap between 
women and men in a country; here, Haiti had the lowest 
gap of 3–4 years, while a difference of more than 9 years 
was noted for El Salvador and (3) the pace of progress in 
life expectancy increase, for instance, Bolivia advanced 
by 11.9 and 10.6 years for women and men, respectively, 
while the life expectancy of women from Trinidad and 
Tobago only increased with 2.6 years and men with 1.5 
years during the 25 years of observation.

Figure 2 summarises the contribution by homicide to 
the life expectancy gap between LAC and EU-15 for the 
years 2010–2014, by life expectancy group. Each point 
in figure 2 is found at the crossing of life expectancy 
in the LAC country (horizontal axis) with the homicide 
contribution to that country’s disadvantage respect to 
life expectancy in EU-15 (vertical axis). Major dispar-
ities were noted, particularly for men. An extreme 
was noted in Honduras where homicide mortality 
accounted for 6.3 years (6.1–6.5) of lagged life expec-
tancy for men and close to 2 years for women, which was 

higher than for other men populations in the region. 
Apart from the outlier of Honduran women, high values 
were also found for women from Dominican Republic, 
El Salvador, Guatemala and Jamaica, however, all just 
below half a year. Even men from Argentina, Chile, 
Cuba and Uruguay were noted for smaller contribu-
tions by homicide to the mortality gap. Although a 
gradient of disparity between EU-15 and LAC countries 
was found with greater gap when the life expectancy was 
low in the LAC, this was not a straight relation. While 
men from Honduras, Colombia and Paraguay had simi-
larly low life expectancies of 70 years, Honduran men 
experienced a contribution by homicide twice as high 
when compared with Colombian men, and the latter 
had a double as high contribution when compared with 
peers in Paraguay. Online supplementary tables A1 and 
A2, and figure A2 in the appendix include the overall 
life expectancy differences LAC versus EU-15, and all 
the trends found in the four life expectancy groups in 
figure 2 together.

During the period 2010–2014, homicides on average 
accounted for 17% of the life expectancy gap between 
LAC and EU-15, and over 32% of the difference for El 
Salvador, Honduras and Colombia. Furthermore, when 
restricting the analysis to the age group 15–29 years, in 
practically all countries staggering levels were observed; 
for example, 90% of the gap with high-income countries 

P
rotected by copyright.

 on O
ctober 15, 2019 at U

nivesity A
utonom

ous of B
arcelona.

http://gh.bm
j.com

/
B

M
J G

lob H
ealth: first published as 10.1136/bm

jgh-2018-001275 on 10 A
pril 2019. D

ow
nloaded from

 



6 Canudas-Romo V, Aburto JM. BMJ Glob Health 2019;4:e001275. doi:10.1136/bmjgh-2018-001275

BMJ Global Health

Figure 2 Homicide contribution to the gap in life expectancy between Latin America and the Caribbean countries and 
European union-15 for women and men, by life expectancy, 2010–2014.

Figure 3 Latin America and the Caribbean homicide contribution to the change in life expectancy between 2005–2009 and 
2010–2014 for women and men, by life expectancy, 2010–2014.

was attributable to homicides in Puerto Rico, even when 
this country had one of the HLEs in the region.13

Figure 3 illustrates the homicide contribution to the 
change in life expectancy over time for LAC countries 
from 2005–2009 to 2010–2014, by life expectancy group. 
Positive values correspond to reductions in homicide 
mortality which translate into increased life expectancy. 
Negative values imply that homicides are preventing an 
increase in life expectancy. Across the region, the trend 
in the contribution by homicide differs between coun-
tries. The greatest changes in life expectancy for men 
affected by homicide mortality were observed in Jamaica 

and Paraguay where over 0.4 years were gained, while 
Mexico lost more than −0.3 years (−0.4 to −0.3). Life 
expectancy for men increased by 1 year in Colombia, 1.5 
years in Brazil and 0.7 years in Mexico from 2005–2009 
to 2010–2014. Although still at a high level, the decline 
in homicide mortality in Colombia accounted for 22% 
of the increase in life expectancy. Even the stagnating 
homicide rates in Brazil accounted for a 4% increase in 
life expectancy. In Mexico, life expectancy could have 
increased by 46% (from 0.7 to 1.02 years) if not for a 
growing homicide mortality that challenged its rise. 
Honduras, Puerto Rico and Panama experienced large 
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increases in homicide rates, which opposed gains in life 
expectancy. Except for Honduras, the change in the 
contribution by homicide was greater among men than 
women. Online supplementary figure A3 in the appendix 
includes all the trends found in the four life expectancy 
groups in figure 3 together.

dIsCussIon
All LAC countries experienced reductions in mortality 
and increases in life expectancy from 1990 to 2014. 
Some of the best performers in terms of increases in life 
expectancy were poor performers in terms of economic 
growth, for example, Bolivia, El Salvador, Honduras and 
Nicaragua.26 However, while the forerunners of longevity 
in the region presented levels comparable to those of 
high-income countries, the countries lagging behind 
are still challenged by communicable diseases. While 
previous research has highlighted the disparities in life 
expectancies between LAC and developed countries, little 
attention has been diverted to homicide and its impact 
on overall longevity.13 27 Our results highlight that homi-
cide mortality, particularly among young men, is a major 
explanatory factor of the gap in life expectancy in several 
LAC countries with respect to high-income countries. In 
fact, homicide rates in the region are much higher than 
suicide rates, in contrast to the rest of the world.6 The life 
expectancy forerunners of longevity are also the group of 
countries with the lowest burden of homicide mortality. 
Thus, the ranking of life expectancy into groups reflects 
the country-specific health challenges, and particularly 
the homicide burden.4 6

Excess homicide mortality among young people is one 
of the key components of changes in life expectancy in 
many LAC countries and in the gap with high-income 
countries. Excess mortality can have transcendental 
consequences in a population. Take, for instance, the 
demographic dividend or the increase in the proportion 
of the population that is of working age (between 15 and 
64 years), which has been shaped through a transition 
from high to low rates of mortality and fertility. This divi-
dend represents a window of opportunity to boost a coun-
try’s development, and population policies are needed to 
integrate the surplus work force.28 However, the potential 
of the demographic dividend is jeopardised by the high 
numbers of young deaths.4 29 Crime has a perverse direct 
and indirect effect on economic efficiency. It directly 
affects the productivity of those deceased, incapacitated 
and incarcerated, but crime also generates social ineffi-
ciencies by reducing investment. Moreover, crime and 
violence are identified as the second most important 
public policy issues in the LAC region.30 Furthermore, 
educational levels strongly impact mortality levels, 
and coincide with the classification of life expectancy 
mentioned in figure 1; LAC countries with high life 
expectancy on average present a 96% adult literacy rate 
among persons 15 years and older, while the low life 
expectancy groups present a literacy rate of 82%.31 Thus, 

enhancing the quantity and quality of educational levels 
would seem a promising strategy to strengthen the posi-
tive trends in the overall mortality decline and potentially 
result in a prevention strategy against the corroding levels 
of violence and homicide mortality. Previous work has 
emphasised school-based efforts, programme involving 
hope and connectedness, continuing education and 
training, programme aimed at reducing alcohol-related 
violence, as promising strategies.32

Identifying the specific historical reasons and other 
determinants (eg, inequality) for the current levels of 
homicide mortality for each LAC country is a major 
endeavour and beyond the scope of the current study. 
In addition, the pathways that lead an individual to 
commit a homicide or crime are multiple and complex.33 
However, it is important to highlight those countries that 
are particularly affected by this mortality. For example, 
homicides in Colombia, even though still at high levels, 
have not increased in the last decade. Approaches such as 
community programme to prevent violence that focus on 
lessening risk factors (eg, alcohol use and firearm posses-
sion), and epidemiological surveillance has strengthen 
policies to reduce violence.34

In Honduras, Mano Dura (iron fist) and the anti-Maras 
and anti-Gangs laws aimed at reducing social violence and 
reinstating public security by incarcerating members of 
gangs demonstrated poor results.35 Not only did they fail to 
reduce crime and delinquency, but also they were unable 
to control or disband the gangs. Gang members that were 
easily identifiable by their tattoos, dress code and other 
elements, adapted rapidly hiding those elements from 
public and police forces. Honduran gang members were 
then able to go beyond the usual territorial/neighbour-
hood borders. At the same time prisons became centres of 
strong proliferation of gangs.35 Although Honduras did 
not experience an internal armed conflict as did neigh-
bouring Central American countries, violence affecting 
men and women prevails. Furthermore, the latter suffer 
more extreme forms of brutality in the form of femini-
cide and gender violence. Honduras endorses regional 
and international laws against violence, for example, 
criminalising intrafamily violence, rape and killings of 
women. However, these laws are weakly implemented or 
even omitted.36 Violence against women has intensified 
in Honduras caused by the deteriorating rule of law, esca-
lating repression, and amplified gender-based violence 
targeting women. Conversely, other Central American 
countries, such as El Salvador and Guatemala, which also 
exhibit high levels of violence, have made relatively more 
progress than Honduras towards creating specialised 
services for women (eg, Ciudad Mujer in El Salvador and 
specialised feminicide courts in Guatemala). Similarly, 
Nicaragua and Costa Rica have relatively lower overall 
levels of violence and lower levels of feminicide.36

The limitations of the study should be acknowledged. 
Data quality and availability of information impeded the 
accuracy of determining the actual damage to societies 
that homicide is causing. The region has experienced 
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the reappearance of mass graves, and many missing 
individuals are not identified as homicides, generating 
misreporting and under-registration.4 As mentioned 
earlier, caution is needed when analysing records from 
this region. For example, different data sources showed 
diverse trends in life expectancy as well as in causes of 
death for some countries (see table 1). Although this 
represents a limitation of the study, our main conclusions 
concerning the devastating impact of homicide mortality 
did not differ irrespective of the data used (see online 
supplementary tables A1 and A2 in the appendix).13 
Nevertheless, our results should be taken as an underesti-
mate of the eroding effect of homicide in the young popu-
lation of the LAC region. Thus, improving the ability of 
registers to collect homicide and violence related condi-
tions using the relevant ICD codes is one of the priorities 
in the region.37

Region-wide efforts are needed to bring the countries 
together to fight the high levels of homicide mortality, 
and to prevent its spreading to other parts of Latin 
America. Over recent decades, a unique south-south 
knowledge exchange in public health has taken place.38 
For example, the effective exchange of knowledge and 
experiences on conditional cash transfer schemes in the 
region helped improved general levels of health and 
increased use of health services among poor subpopula-
tions.39 Similarly, today inter-regional exchange of strat-
egies and actions, as well as partnerships,40 41 could help 
to generate the desired reductions in homicide mortality.

Homicide rates, which have declined in other parts 
of the world, are rising in Latin America, and most 
victims are adolescents or young adults.6 Several strat-
egies working together have been proposed to reduce 
those rates, ranging from educational programme,42 
gun control prevention,27 the strong rule of law,29 and 
community and state efforts.32 43 Homicide is the ulti-
mate form of violence. However, other types of violence 
affect peoples’ lives in many cases with long-lasting conse-
quences. For example, women, children and the elderly 
bear a higher burden of non-fatal physical, sexual and 
psychological consequences of abuse.37 44 Moreover, 
exposure to violence has detrimental consequences over 
the life course when exposed during early childhood, 
such as social, emotional and behavioural problems. 
For example, child maltreatment is a risk factor that 
increases later involvement in violence in youth, inti-
mate partner violence, homicide prevalence, non-fatal 
violence-related injuries, among others. Those who expe-
rience violence are also more likely to present suicidal 
and self-harming behaviour.37 As a consequence of the 
high levels of homicides and violence in the region, the 
health systems of LAC countries will need to be prepared 
for an increase in mental health issues. Recently, a multi-
sectorial plan of action was planned by WHO to rein-
force the role of health systems on addressing violence, 
particularly in young people and women.37 45 The overall 
mental distress of the population exposed to violence is 
unquantifiable.46 Some LAC countries, such as Mexico 

and Venezuela, have experienced a marked increase in 
homicide rates in recent years.4 Although for different 
reasons, with Mexican violence emerging after the ‘war 
on drugs18 19

’ and Venezuela’s high levels related to polit-
ical conflict,47 both have translated in losses of economy, 
health and ultimately lives. This has happened in the 
region, despite ongoing interventions.44 48 Moreover, a 
great share of LAC countries have integrated national 
plans that address multiple types of violence. However, 
for some countries, there were no data from national 
surveys on interpersonal violence, suggesting that much 
planning and policy-making is done in the absence of 
evidence.48 Therefore, these efforts do not match the 
scale of the burden of violence48 and further collective 
initiatives are needed.

Substantial improvements in life expectancy at rela-
tively low costs were achieved in the region in the 
recent past by gearing efforts towards the provision of 
health-related public goods (sanitation, vaccination 
programme, etc).26 Given the complexity of reasons for 
violence in the region,49 homicide will require a variety 
of strategies, among others reducing the high-income 
inequality prevailing in the region.50 51 The countries in 
the region have to address this problem together, but at 
the same time, national solutions are urgently needed. 
Breaking the epidemiological cycle of violence transmit-
ting violence—where the probability of acting violent is 
increased by having violence done to you—should be 
addressed by decision-makers in LAC immediately, and 
the health of the young generation needs to be given a 
high priority.
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Appendix 

1. EU-15 averaging procedure 

We calculated the average life expectancy of the EU-15 as: 𝑚𝑚𝐸𝐸𝐸𝐸15(𝑥𝑥) = ∑ 𝑚𝑚(𝑥𝑥,𝑖𝑖)𝑖𝑖
𝐼𝐼

, where m(x,i) 

corresponds to the age-specific death rate for age x, in country i, and I corresponds to the count of 

countries, so I=15. This averaging procedure is equivalent to giving the same weight to the risk of 

dying to each country included, irrespective of their population size.  

 

2. Age- and Cause-decomposition methodology 

The proportion of deaths at age x of cause j respect of all deaths, denoted as c(x,j), was calculated and 

applied to the age-specific death rates at age x, m(x), to obtain age- and cause-specific death rates: 

m(x,j)=c(x,j)•m(x). These age- and cause-specific death rates were used in the decomposition analysis 

explained below. We worked with two causes of death, namely homicide and the rest of the causes of 

death, to calculate their contributions to the difference in life expectancies between the EU-15 and LAC 

countries in 2009-14, and for the change over time for each LAC country from 2005-09 to 2010-14.  

As mentioned above, the age-specific death rates from UN life tables[1], m(x), are multiplied by the 

proportion of deaths by homicide over all deaths at that age from WHO,[2] 

c(x,j)=Homicide(x)/AllDeaths(x), to obtain the age- and cause-specific death rates. However, 

UNODC[3] has re-assessed the number of homicides in the region and estimated new numbers 

publishing only values aggregated by age. Thus, we have further included the new counts of homicides 

from the UNODC to the age-pattern of homicide from WHO, by multiplying at every age the age- and 

cause specific death rates by the ratio of the two counts of homicides, from UNODC and WHO, as 

H=HomicidesUNODC/HomicidesWHO, or  m*(x,j) = m(x,j)H. These adjustments were not needed for 

the IHME[4] data since they do take into account the WHO, UNODC and many other sources of 

information to model their estimates. For the majority of the LAC countries with available causes of 

death data the IHME causes of death information differs from WHO simply by a procedure of 

distribution of the garbage codes (not defined causes of death) among the causes of death. However, for 

countries like Bolivia and Haiti where only partial or no information on vital statistics is available the 

IHME inputs are the available information in surveys, hospital records, as well as information from 

other countries in the region with similar background.[4,5]   



 

 

Decomposition techniques are standard methods for comparing life expectancies across populations and 

time, and analyzing the age-contributions and cause-contributions to their differences.[6,7] These 

methods have been used before to assess changes over time and across countries for the LAC 

region.[8,9] We extracted age-specific death rates, numbers of survivors and persons-years from the life 

tables from United Nations.[10] These values, together with the proportion of deaths for each cause in 

every age group, were used to obtain the age and cause-specific death rates and contributions that make 

up the difference in life expectancies between EU-15 and LAC countries in 2010-14, and for the change 

over time for each LAC country from 2005-09 to 2010-14. 

 

Arriaga’s (1984) method to calculate the age- and cause-contribution to the difference in life 

expectancies is shown here. This method is calculated based on variables of the life table: numbers of 

survivors and persons-years lived. Let ℓ𝑥𝑥𝑖𝑖 , 𝐿𝐿𝑥𝑥𝑖𝑖𝑛𝑛  and 𝑇𝑇𝑥𝑥𝑖𝑖 be the survival functions at exact age x, person-

years lived between ages x to x+n, and after age x respectively for a life table in population i. The 

overall age-contribution to the difference in life expectancies between populations 1 and 2 is obtained 

as: 

 

∆𝑛𝑛 𝑥𝑥=
ℓ𝑥𝑥1

ℓ01
�

𝐿𝐿𝑥𝑥2𝑛𝑛

ℓ𝑥𝑥2
−

𝐿𝐿𝑥𝑥1𝑛𝑛

ℓ𝑥𝑥1
� +

𝑇𝑇𝑥𝑥+𝑛𝑛2

ℓ01
�
ℓ𝑥𝑥1

ℓ𝑥𝑥2
−
ℓ𝑥𝑥+𝑛𝑛1

ℓ𝑥𝑥+𝑛𝑛2 � 

 

Once the age-contribution is obtained the cause of death j contribution is derived from this as   

∆𝑥𝑥
𝑗𝑗

𝑛𝑛 = ∆𝑛𝑛 𝑥𝑥 ∗ �
𝑚𝑚2(𝑥𝑥, 𝑗𝑗) −𝑚𝑚1(𝑥𝑥, 𝑗𝑗)
𝑚𝑚2(𝑥𝑥) −𝑚𝑚1(𝑥𝑥) � 

as before 𝑚𝑚𝑖𝑖(𝑥𝑥, 𝑗𝑗) is the death rate for age x, cause j in population i. 

Several methods of cause-decomposition of changes in life expectancy exist, however, comparisons of 

these methods return negligible differences.[11]  
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Figure A. Homicide rates in Latin America and the Caribbean countries in 
2012 (or latest)

Source: Adapted from UNODC Handbook on homicide (2014)
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Figure Aa. Life expectancy by homicide rate per 100,000 in Latin America and the 
Caribbean, males.
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Figure Ab. Life expectancy by homicide rate per 100,000 in Latin America and the 
Caribbean, females.
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Figure A1: Life expectancy in Latin America and the Caribbean countries, and the average EU-15 from 1990 to 2014 by 
sex and level of life expectancy. Years of 2000-2004 and 2005-2009 highlighted.
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Figure A2. Life expectancy in Latin American and Caribbean countries and 
homicide contribution to the difference against EU-15 in 2010−2014
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Figure A3. Life expectancy in 2010−14 and homicide contribution to the 
change between 2005−09 and 2010−2014 in Latin America and the 

Caribbean
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