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The Cross-sec tional Average Inequality in Lifespan (CAL†): 
A Lifespan Variation Measure That Reflects the Mortality 
Histories of Cohorts

Marília R. Nepomuceno, Qi Cui, Alyson van Raalte, José Manuel Aburto, 
and Vladimir Canudas-Romo

ABSTRACT Lifespan var i a tion is a key met ric of mor tal ity that describes both indi
vid ual uncer tainty about the length of life and het ero ge ne ity in pop u la tion health. We 
pro pose a novel and timely lifespan var i a tion mea sure, which we call the crosssec tional 
aver age inequal ity in lifespan, or CAL†. This new index pro vi des an alter na tive per
spec tive on the anal y sis of lifespan inequal ity by com bin ing the mor tal ity his to ries 
of all  cohorts pres ent in a crosssec tional approach. We dem on strate how dif fer ences 
in the CAL† mea sure can be decomposed between pop u la tions by age and cohort to 
explore the com pres sion or expan sion of mor tal ity in a cohort per spec tive. We apply 
these new meth ods using data from 10 lowmor tal ity countries or regions from 1879 
to 2013. CAL† reveals greater uncer tainty in the tim ing of death than the period life 
table–based indi ces of var i a tion indi cate. Also, coun try rank ings of lifespan inequal ity 
vary con sid er ably between period and crosssec tional mea sures. These dif fer ences raise 
intrigu ing ques tions as to which tem po ral dimen sion is the most rel e vant to indi vid u als 
when con sid er ing the uncer tainty in the tim ing of death in plan ning their life courses.

KEYWORDS Lifespan var i a tion • Cohort mor tal ity • CAL • Decomposition • Formal 
demog ra phy

Introduction

Population health has tra di tion ally been judged by mean lev els, includ ing life expec
tan cies and agestan dard ized death rates. Increasingly, how ever, more atten tion is 
being paid to the var i abil ity in the age at death, also known as lifespan var i a tion. At 
the pop u la tion level, lifespan var i a tion quantifies the het ero ge ne ity of sur vival in the 
pop u la tion; at the indi vid ual level, it is a met ric of life time uncer tainty. If mon i tor ing 
life expec tancy indi cates the aver age prog ress in increas ing lon gev ity, lifespan var i a
tion high lights the equal ity of mor tal ity decline across ages (van Raalte et al. 2018).

To date, most empir i cal stud ies of longterm trends in lifespan var i a tion have been 
based on period life tables (Alvarez et al. 2019; Colchero et al. 2016; Németh 2017; 
Permanyer and Scholl 2019; Shkolnikov et al. 2003; Smits and Monden 2009; van 
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Raalte and Caswell 2013; van Raalte et al. 2018; Vaupel and CanudasRomo 2003; 
Vaupel et al. 2011). By con trast, trends in cohort lifespan var i a tion have rarely been 
exam ined, largely because the most recent com pleted cohorts were born at a time 
when infant mor tal ity was still high. Thus, lifespan var i a tion for these cohorts con
tin ues to far exceed the most recently observed period lev els (Engelman et al. 2010; 
Wilmoth and Horiuchi 1999). Moreover, mon i tor ing the lifespan var i a tion of extinct 
cohorts is unlikely to pro vide use ful insights for mak ing macrolevel pol icy deci sions 
or microlevel life course deci sions.

A key unanswered ques tion is the extent to which indi vid u als inter nal ize their 
surrounding mor tal ity con di tions, and how this infor ma tion is used in deci sion
mak ing pro cesses. Imagine two pop u la tions with iden ti cal period age–spe cific 
mor tal ity: one who expe ri enced a rapid decline in mor tal ity in the past 50 years, 
and another who expe ri enced only a mod er ate decline in mor tal ity over a lon ger 
time span. Individuals from the two pop u la tions would have been exposed to 
dif fer ent lev els of mor tal ity over their life times. This raises intrigu ing ques tions 
about whether peo ple base their sub jec tive sur vival expec ta tions (i.e., the most 
likely age at death) and the level of sur vival uncer tainty (i.e., the uncer tainty sur
rounding that age) on cur rent mor tal ity rates, in line with chang ing periodbased 
indi ca tors, or whether they are more influ enced by the health and sur vival tra jec
to ries of their contemporaries from sim i lar birth cohorts, such as school friends, 
spouses, and sib lings. Alternatively, it is pos si ble that peo ple adjust their sur vival 
expec ta tions on the basis of the sur vival his to ries of a broader mix ture of fam ily 
mem bers, col leagues, and neigh bors who may have died some years in the past, 
and who were from mixed birth cohorts. If the last sce nario is clos est to real ity, 
an approach to mon i tor ing mor tal ity that mixes peri ods and cohorts could prove 
use ful.

For this rea son, we intro duce to the demo graphic lit er a ture a new lifespan var i a
tion mea sure based on the his tor i cal mor tal ity expe ri ences of all  birth cohorts pres
ent at a given time. The mea sure builds on the crosssec tional aver age length of life 
(CAL) approach (Brouard 1986). Because CAL aver ages over the past sur vival of 
all  cohorts pres ent at a given time (Guillot 2003; Riffe and Brouard 2018), this mea
sure can be espe cially infor ma tive when mor tal ity con di tions are chang ing. The same 
logic that led to the devel op ment of CAL as an indi ca tor of the aver age length of life 
of cohorts can be used to assess the var i abil ity in length of life. To this end, we have 
devel oped CAL†, a new lifespan var i a tion mea sure that has math e mat i cal prop er ties 
sim i lar to those of the life dis par ity (e†) mea sure (Vaupel and CanudasRomo 2003). 
CAL† can be interpreted as representing the var i a tion in mor tal ity over ages of an 
aver age cohort pres ent at a given time by com bin ing the cohort’s mor tal ity expe ri
ences in a crosssec tional approach.

In this study, we pres ent empir i cal data used in the illus tra tion of the CAL† mea
sure and its for mu la tion. We exam ine the evo lu tion of CAL† in pop u la tions with 
long mor tal ity series and com pare these trends with the devel op ments of period and 
cohort e†. We com pare the devel op ment of the neg a tive cor re la tion of CAL† and CAL 
with that of e† and life expec tancy at birth in period and cohort per spec tives. Finally, 
we cal cu late the gap in CAL† between pop u la tions and dem on strate how it can be 
decomposed by age and cohort.
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Data and Methods

Our data set cov ers all  countries and regions from the Human Mortality Database 
(HMD) (2019) with com plete mor tal ity data from 1879 to 2013, includ ing Denmark, 
England and Wales, Finland, France, Italy, the Netherlands, Norway, Scotland, 
Sweden, and Switzerland. We cal cu late from these data the cohort death prob a bil i ties 
for all  of the age and cohort com bi na tions using deaths by Lexis tri an gles and pop u
la tion counts, and fol low the HMD pro to col to con struct cohort life tables (Wilmoth 
et al. 2017).

Because CAL† and life dis par ity (e†) have sim i lar math e mat i cal prop er ties, we 
start by describ ing e†. Later, we intro duce CAL† and the age and cohort decom po si
tion of the dif fer ence between two CAL†.

Life dis par ity is a lifespan var i a tion mea sure derived from a life table. At time t, 
e†(t) is the aver age of the remaining life expec tancy at age x given by e(x), weighted 
by the ageatdeath dis tri bu tion, d(x) (Vaupel and CanudasRomo 2003).  However, 
e†(t) not only reflects the life table var i a tion in the age at death (Nusselder and 
Mackenbach 1996; Vaupel et al. 2011), it also quantifies the aver age num ber of years 
lost at the time of death.

Life dis par ity is closely related to a life table quan tity that is now usu ally referred 
to as the life table entropy (Keyfitz 1977). This quan tity was first derived by Leser 
(1955) to cal cu late the effect of a pro por tional change in agespe cific mor tal ity on 
life expec tancy, which he called the elas tic ity of life expec tancy. Keyfitz and Golini 
(1975) noted the rela tion ship of this quan tity to clas si cal entropy, as well as to 
changes in the rectangularization of the sur vival curve. Mitra (1978) pointed out that 
the life table entropy could also be interpreted as a weighted aver age of the prod uct of 
life expec tancy and the force of mor tal ity. Almost a decade later, Vaupel (1986) and 
Goldman and Lord (1986) dem on strated that life table entropy could be expressed 
as the ratio given by life dis par ity and life expec tancy at birth: e†/e0. Following this 
rela tion and defin ing the radix of the life table as equal to 1 (ℓ (0,t) =1), life dis par ity 
can be writ ten as

   
ei†(t) = − 0

ω
∫ ℓi(x,t)ln ℓi(x,t)⎡⎣ ⎤⎦dx,    

(1)

where ℓi(x,t) is the sur vival func tion at age x and time t; i is defined as p or c if the 
sur vival func tion comes from a period or a cohort life table, respec tively; and ω is the 
oldest age attained in the pop u la tion or by the cohort born at time t. More details of 
this equa tion can be found in the online sup ple men tal mate rial (see OSM1).

Together with life expec tancy, indi ces of lifespan var i a tion such as e† are mea
sures cal cu lated from one life table for one period or for one cohort. To also include 
the mor tal ity his to ries of all  cohorts pres ent at a given time, Brouard (1986) intro
duced the crosssec tional aver age length of life (CAL). This mea sure was fur ther 
devel oped by Guillot (2003). CAL(t) is a sum mary mor tal ity mea sure that takes 
into account the mor tal ity con di tions of all  cohorts pres ent at a given time t, and it 
is cal cu lated as

   CAL(t) = 0
ω
∫ ℓc(x,t − x)dx,     

(2)
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190 M. R. Nepomuceno et al.

where t is the time period at which the mea sure is cal cu lated, and ℓc(x,t − x) is the 
cohort life table sur vival func tion at age x for the cohort born in year t – x. CAL is 
com pa ra ble to life expec tancy, as it describes the length of life of a pop u la tion as an 
aver age of all  cohortspe cific sur viv als. A com pa ra ble mea sure of lifespan var i a tion 
that includes the his tor i cal mor tal ity infor ma tion of all  cohorts pres ent at a given time 
remains to be defined. To fill this gap, we pro pose a mea sure anal o gous to life dis par
ity in Eq. (1), defined as

  CAL†(t) = − 0
ω
∫ ℓc(x,t − x)ln ℓc(x,t − x)⎡⎣ ⎤⎦dx.    (3)

To fur ther jus tify the use of CAL† as a mea sure of var i a tion in age at death, Table A1 
in the online sup ple men tal mate rial (see OSM2) shows the math e mat i cal sim i lar i ties 
between life expec tancy and life dis par ity, and between the two mea sures of CAL and 
CAL†, includ ing cohort infor ma tion. Mathematically, CAL† can not be expressed as the 
aver age life years lost in the way that is pos si ble for e†, because the remaining life years 
of some cohorts are unknown. The online sup ple men tal mate rial (see OSM3) pres
ents CAL†’s math e mat i cal imped i ments to inter pret this novel mea sure as the aver age 
num bers of years lost due to death. Nevertheless, by aver ag ing cohort sur vival data, it 
can be thought of as broadly representing the aver age expo sure to lifespan var i a tion 
across cohorts in a crosssec tional approach. This inter pre ta tion is fur ther supported 
by a strong cor re la tion between CAL† and the stan dard devi a tion in lifespan cal cu lated 
over the same data set (see Figure A1 in OSM4). Finally, the online sup ple men tal 
mate rial (OSM4) shows in detail the cal cu la tions that under lie CAL†.

Decomposition of the Difference Between Two CAL†

There is strong inter est, espe cially among demog ra phers, in disentangling changes and 
dif fer ences in aggre gate mea sures when com par ing two pop u la tions or a sin gle pop
u la tion over time. We intro duce the age and cohort decom po si tion of the dif fer ence 
between two CAL†, which allows us to make such com par i sons. Decompositions can 
be performed by any under ly ing param e ter such as age, cause of death, and cohort. 
Here, our aim is to decom pose a gap between two CAL† into age and cohort con tri
bu tions. Since we are deal ing with crosssec tional mea sures, tra di tional age decom
po si tion meth ods for life expec tancy (Andreev et al. 2002; Arriaga 1984; Vaupel and 
CanudasRomo 2003) and var i a tion in the age at death (Aburto et al. 2019; Gillespie 
et al. 2014; Shkolnikov et al. 2003; Shkolnikov et al. 2011; Zhang and Vaupel 2009) 
have to be extended to include age and cohort com po nents (CanudasRomo and Guillot 
2015; Nepomuceno and CanudasRomo 2019).

To assess the dif fer ences between two CAL†, we exam ine the deriv a tives of CAL† 
with respect to the var i able of inter est (e.g., a com par i son between two time peri ods 
or between two pop u la tions) as

 CA
.
L†(t) = − 0

ω
∫ ℓc(x,t − x) ln ℓc(x,t − x)⎡⎣ ⎤⎦ +1( )

i  = 0

x  − 1

∑ 1 p
.
i(t − x)

1 pi(t − x)
dx,   (4)
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191The Cross-sec tional Average Inequality in Lifespan

where the nota tion of a dot on top of a var i able denotes the deriv a tive of a func tion with 
respect to the var i able of inter est; this nota tion has been shown to be use ful in devel op
ing suc cinct equa tions (Vaupel and CanudasRomo 2003). We denote as 1pi(t − x) the 
prob a bil ity of sur viv ing from age i to i + 1 for the cohort reaching age x at time t. By 
expressing the cohort sur vival func tion as the prod uct of sin gle age prob a bil i ties of sur
viv ing from age zero to age x—that is, ℓc(x,t − x) = 1p0(t − x)  1p1(t − x) . . .  1px−1(t − x) 
—we can sep a rate the deriv a tive of cohort sur viv als into age con tri bu tions (Canudas 
Romo and Guillot 2015). The rel a tive deriv a tives with respect to the agespe cific 
cohort sur vival prob a bil i ties—denoted as 1 p

.
i(t − x)

1 pi(t − x)
  in Eq. (4)—cor re spond to the 

con tri bu tion of age i, for the cohort reaching age x at time t to the over all change in 
CAL†(t). More details of how Eq. (4) was derived are presented in the online sup ple
men tal mate rial (see OSM5).

Equation (4) includes a com po nent of change—the rel a tive deriv a tives of a sin gle 
age cohort prob a bil ity of sur viv ing—and two weighting func tions—the com po nent 
of CAL and the com po nent of CAL† at time t, or the cohort sur vival func tion (see Eq. 
(2)) and the cohort dis par ity com po nent (see Eq. (3)), respec tively (see Table A1 in 
OSM2 for more details). Thus, although tak ing the agespe cific sur vival com po nent 
of change into account is vital to under stand the dynamic of this mea sure of var i
abil ity, the achieved lev els of sur vival and var i abil ity must also be included in the 
com par i son.

Since we used empir i cal data by sin gle cal en dar year and sin gle age, we discret
ized Eq. (3) and Eq. (4) in our illus tra tion of CAL†. The age and the cohort decom po
si tion of the CAL† dif fer ences were performed at time t, between each coun try/region 
and the aver age pop u la tion representing the aver age mor tal ity of the 10 selected 
countries/regions, with each pop u la tion being given the same weight in the aver
age. Detailed results for all  pop u la tions are avail  able in an inter ac tive web app at 
https:  /  /caldagger  .shinyapps  .io  /CALdagger  /. R code to repro duce the anal y sis can be 
obtained from https:  /  /osf  .io /n3945/.

Results

Figure 1 pres ents the trends of period (ep†) and cohort (ec†) life dis par ity, and of CAL† 
by sex. The six pan els show declin ing trends, albeit with dif fer ent lev els. Variation 
in the age at death tran si tions from lev els as high as 25 years for period and cohort 
e† in the late nineteenth cen tury to lev els as low as 9–12 years for ep† and CAL† in the 
twentyfirst cen tury, with CAL† being some what higher than ep†. The trend of CAL† is 
smoother than the trends of ep† and ec† because it is less affected by period fluc tu a tions. 
For instance, Figure 1 shows two peaks in the period life dis par ity: one around 1918 
due to World War I and the Span ish Flu and another around 1945 as a result of World 
War II. These peaks reflect the imme di ate impact of period mor tal ity shocks on the ep†.

While they dif fered in mag ni tude, all  three lifespan var i a tion mea sures (ep†, ec†, and 
CAL†) declined as lon gev ity increased (e0,p, e0,c, and CAL), as presented in Figure 2. 
This neg a tive cor re la tion sug gests that lower lev els of lifespan var i a tion are con sis
tent with higher lev els of lon gev ity. Unlike in Figure 1, the asso ci a tions of the trends 
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in Figure 2 are related to the pace of change in var i a tion and lon gev ity. The slope (α) 
presented in each panel of Figure 2 was derived from lin ear regres sions, con trol ling 
for the num ber of obser va tions in each pair com par i son. While the lev els of the CAL 
mea sure more closely resem ble the end point of the period mea sures (ep† ver sus e0,p), 
their pace of change, cap tured by α, is closer to that observed among the cohort pair 
mea sures (ec† ver sus e0,c). The slope of the asso ci a tion between var i a tion and lon gev ity 
cor re sponds to a 0.38year decline in var i a tion for each addi tional year of lon gev ity 
in the female crosssec tional (i.e., CAL ver sus CAL†) dimen sion, com pared to 0.37 
years in the cohort dimen sion and 0.44 years in the period dimen sion (the cor re spond
ing val ues for males are 0.28, 0.25, and 0.43 years).

Table 1 cov ers the period (e0,p and ep†) and crosssec tional mea sures (CAL and CAL†) 
in 2013, and com par i sons of indi ces of lifespan var i a tion between each coun try and 
the aver age pop u la tion, which is the nonpop u la tionweighted com pos ite. The gaps 
in ep† and in CAL† reveal which pop u la tions have higher or lower lev els of lifespan 
inequal ity than the aver age. Positive gaps cor re spond to greater lifespan var i a tion in 
the index than in the aver age pop u la tion. The gaps dif fer according to the lifespan 
 var i a tion mea sure used. For Swed ish females, the gaps in both ep† and CAL† sug gest 

Table 1 Period and crosssec tional lon gev ity and lifespan var i a tion mea sures, and the gap in lifespan 
var i a tion between each pop u la tion and the aver age pop u la tion, for females and males, 2013

Population e0,p e†
p Gap in e†

p CAL CAL† Gap in CAL† CAL†

e†
p

Female
 Scotland 81.06 9.96 0.80 77.39 11.12 0.46 1.12
 Denmark 82.31 9.50 0.34 78.60 10.99 0.32 1.16
 England and Wales 82.96 9.43 0.28 79.64 10.62 −0.05 1.13
 France 85.05 9.24 0.09 80.80 11.14 0.47 1.20
 Netherlands 83.04 9.18 0.02 80.43 10.35 −0.32 1.13
 Norway 83.60 9.01 −0.15 81.10 10.15 −0.52 1.13
 Finland 83.83 8.86 −0.30 79.90 10.36 −0.31 1.17
 Sweden 83.71 8.85 −0.31 81.39 9.91 −0.76 1.12
 Italy 84.95 8.67 −0.48 79.03 11.45 0.79 1.32
 Switzerland 84.75 8.53 −0.63 81.86 10.06 −0.61 1.18
 Average 83.47 9.16 — 79.95 10.67 — 1.16
Male
 France 78.77 11.07 0.85 73.50 12.73 1.13 1.15
 Scotland 77.03 11.03 0.80 72.56 11.94 0.34 1.08
 Finland 77.88 10.75 0.53 72.79 11.92 0.33 1.11
 England and Wales 79.23 10.32 0.10 75.18 11.21 −0.38 1.09
 Denmark 78.26 10.21 −0.01 73.94 11.57 −0.03 1.13
 Norway 79.65 9.82 −0.40 75.78 11.09 −0.51 1.13
 Italy 80.25 9.75 −0.47 73.64 12.16 0.56 1.25
 Switzerland 80.52 9.70 −0.52 76.25 11.43 −0.17 1.18
 Netherlands 79.42 9.68 −0.54 75.57 10.78 −0.82 1.11
 Sweden 80.10 9.61 −0.62 76.69 10.71 −0.89 1.11
 Average 79.08 10.22 — 74.54 11.60 — 1.13

Note: The table is ordered by the gap in e†
p.

Source: Authors’ cal cu la tions based on the Human Mortality Database (2019).
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195The Cross-sec tional Average Inequality in Lifespan

that their lifespan inequal ity was lower than that of the aver age pop u la tion, but the gap 
in CAL† was dou ble that of the gap in ep† in 2013. For some pop u la tions, such as those 
in Italy and in England and Wales, both the mag ni tude and the direc tion of the gap 
dif fered depending on the mea sure used. Italy had aboveaver age var i abil ity when the 
crosssec tional mea sure was applied, but belowaver age var i abil ity when the period 
mea sure was applied; the oppo site was the case for England and Wales.

Differences in coun try rank ings (Table 1) also reflect the strong neg a tive cor re la
tion between lifespan var i a tion and lon gev ity. In Italy, the change of direc tion in gaps 
in ep† ver sus CAL† is con sis tent with the shift of direc tion in gaps in lon gev ity (e0,p 
ver sus CAL). For both female and male Ital ians, the neg a tive gap in ep† reflects the 
aboveaver age lon gev ity when e0,p is used; the pos i tive gap in CAL† reflects the lower 
lev els of CAL than the aver age. However, there are excep tions to this asso ci a tion, 
such as in England and Wales.

The last col umn of Table 1 shows the ratio between CAL† and ep† in 2013. Com
pared to ep†, CAL† was about 12–32% higher for females and 8–25% higher for males. 
The most dra matic dif fer ence is found for Ital ian females, among whom CAL† was 
32% higher than ep† in 2013. In con trast, the dis crep ancy between CAL† and ep† was 
smallest among Scot tish males, at about 8%. In Sweden, the dis crep ancy was about 
11–12% for both sexes. To con trast the dynam ics of pop u la tions that expe ri enced 
slow and rapid mor tal ity tran si tions, we exam ine Sweden and Italy in more detail. 
The trends in the ratio between CAL† and ep† in Sweden and Italy from 1989 to 2013 
can be found in the online sup ple men tal mate rial (see OSM6).

To bet ter assess the gap in CAL† between Sweden and Italy rel a tive to that of the 
com pos ite aver age pop u la tion of 2013, Figure 3 pres ents the agecohort con tri bu tions 
to the dif fer ence in CAL†, accu mu lated over cohort. In Sweden, CAL† was lower than 
the aver age (−0.76 for females and −0.89 for males) because of the belowaver age 
cumu la tive agecohort con tri bu tions of all  cohorts born in the early 1930s onward. 
In other words, all  the cohorts born from the early 1930s con trib uted to compressing 
the Swed ish 2013 mor tal ity dis tri bu tion com pared to the aver age dis tri bu tion. This 
dynamic was dif fer ent in Italy, where CAL† was higher than aver age by 0.79 for 
females and 0.56 for males. In Italy, CAL† was higher because of the aboveaver age 
cumu la tive agecohort con tri bu tions to the gap of all  cohorts pres ent in 2013, except 
for those who were around age 90 and those who were very young in 2013. In both 
countries, cohorts that reached ages between 60 and 80 in 2013 con trib uted sub stan
tially to the gap in CAL†. The online sup ple men tal mate rial (see OSM7) shows the 
Lexis sur face for the cumu la tive age and cohort con tri bu tions to the dif fer ence in 
CAL† for Sweden and Italy.

The cumu la tive agecohort con tri bu tions to the gap in CAL† (Figure 3) can be 
bro ken down by age and cohortspe cific con tri bu tions that led to their devel op
ment. Figure 4 shows the age and cohort decom po si tion of the gap in CAL† (Sweden 
and Italy each com pared to the aver age pop u la tion) for males. The female age and 
cohortspe cific con tri bu tion to the dif fer ence in CAL† between Sweden and Italy each 
ver sus the aver age pop u la tion is acces si ble in the app https:  /  /caldagger  .shinyapps  .io 
 /CALdagger  /.

For aid in interpreting Figure 4, red hues refer to agecohort con tri bu tions that led 
to higher CAL† than the aver age, while blue hues refer to the oppo site. At some ages, 
the con tri bu tions to the dif fer ences between Sweden and Italy ver sus the aver age 
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Fig. 3 Cumulative agecohort contribution to the gap in CAL† in Sweden and Italy with respect to the aver
age population, for females and males, 2013. Source: Authors’ calculations based on the Human Mortality 
Database (2019).

pop u la tion were zero (white). Specifically, we can see a white diag o nal band (see 
the “cross over line”) at which the con tri bu tions to the dif fer ences in CAL† of the 
male cohorts born around 1930 were zero from birth to the age reached in 2013. 
This cross over line is anal o gous to the thresh old age of other lifespan var i a tion mea
sures, such as life dis par ity and the lifetable entropy. Progress in mor tal ity needs to 
occur below a thresh old age to reduce lifespan var i a tion; mor tal ity reduc tions above 
that thresh old age increase lifespan var i a tion (Aburto et al. 2019; Aburto et al. 2020; 
Vaupel et al. 2011; Zhang and Vaupel 2009). In our betweencoun try com par i son, 
this prop erty can be trans lated to indi cate that lower mor tal ity than the aver age pop
u la tion below the cross over line con trib utes to lower CAL†, while lower mor tal ity 
above such a diag o nal line con trib utes to increas ing CAL† com pared to the aver age 
pop u la tion (Table A2 in the OSM8 helps to inter pret these mor tal ity dynam ics). This 
also explains why there is a color switch in the Figure 4 pan els above and below this 
line. Below the cross over line (i.e., for cohorts born after 1930), blue points would 
indi cate mor tal ity lower than the com pos ite pop u la tion because they are occur ring for 
cohorts who in 2013 were at ages below the thresh old age, which com press mor tal ity. 
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Above this line, blue points would indi cate mor tal ity that is higher than the aver age 
pop u la tion, because these points come from cohorts who in 2013 were at ages above 
the thresh old age.

In the com par i son between Swed ish males and the male aver age pop u la tion 
(Figure 4), we can see that mostly lower mor tal ity of cohorts born before 1930 
con trib uted to increas ing the Swed ish var i a tion in the age at death com pared to the 
aver age, such as the lower mor tal ity impact from World War II com pared to the 
aver age pop u la tion that increased the Swed ish CAL† by 0.043 with respect to the 
aver age (area “a” in Figure 4). However, this trend reversed at the oldest ages, in 
which the Swed ish higher oldage mor tal ity decreased the Swed ish CAL† by 0.055 
com pared to the aver age (area “d” in Figure 4). By con trast, most agecohort com
bi na tions from cohorts born after the 1930s con trib uted to lower CAL† than the 
aver age pop u la tion, which can also be seen by the cumu la tive agecohort con tri
bu tion of these cohorts in 2013, as presented in Figure 3. Ages below five, par tic u
larly for those born between 1930 and the early 1970s (aged 40–80 in 2013), were 
espe cially impor tant. The broad sur vival advan tages of these cohorts, as outlined 
by area “c” in Figure 4, led to a −0.466 change in the Swed ish CAL† com pared to 
the aver age. Also, Figure 4 com ple ments Figure 3 by reveal ing that the sub stan tial 
con tri bu tion to compressing the Swed ish dis tri bu tion of cohorts between ages 60 
and 80 in 2013 started at ages below five.

In Italy, the oldest cohorts—that is, those born before 1930—con trib uted to reduc
ing the Ital ian CAL† com pared to the aver age over the first and young adult ages 
because of their higher mor tal ity. The impact of World War II among Ital ian males, 
for instance, decreased the Ital ian CAL† by 0.037 with respect to the aver age (area “e” 
in Figure 4). However, at older ages, these cohorts expe ri enced lowerthanaver age 
mor tal ity, with the con tri bu tions from these ages to CAL† dif fer ences becom ing pos i
tive, which summed to 0.186 (area “h” in Figure 4). When summed over cohorts (see 
Figure 3 and Figure A5 in OSM7), the over all con tri bu tion from these cohorts led to 
higherthanaver age CAL†, mean ing that the lower mor tal ity at older ages more than 
com pen sated for their higher mor tal ity at youn ger ages. For the Ital ian cohorts born 
from the 1930s, Figure 4 shows higher mor tal ity below age five and at young adult 
ages com pared to the aver age. The young adult excess mor tal ity between ages 10 and 
20 as outlined by area “f” in Figure 4 was roughly con stant over time for these Ital ian 
cohorts, which increased the Ital ian CAL† by 0.022 com pared to the aver age.

Discussion

Summary of Results

We intro duced CAL† as an indi ca tor of lifespan var i a tion that includes the mor tal ity 
expe ri ence of all  cohorts pres ent at a given time. The CAL† trends were remark ably 
sim i lar to those of life dis par ity from a period and a cohort per spec tive, albeit with 
dif fer ent lev els. Lower lev els of CAL† were asso ci ated with higher lev els of lon gev
ity, as mea sured by CAL. Variation in the age at death dif fered sub stan tially between 
the cohort, period, and crosssec tional mea sures: CAL† was con sis tently higher than 
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199The Cross-sec tional Average Inequality in Lifespan

period lifespan var i a tion, although the extent of these dif fer ences var ied across pop
u la tions and over time. As a result, the crosscoun try rank ings of lifespan var i a tion 
changed greatly depending on the mea sure used. The age and cohort decom po si tion 
of the dif fer ence in CAL† revealed the large con tri bu tions of the mor tal ity changes 
at young ages to lower or greater dis par ity—that is, which com pressed or expanded 
the var i abil ity in the age at death—even for those cohorts who reached adult and old 
ages in 2013.

Interpretation

CAL† can be interpreted as the var i a tion in mor tal ity over age that all  cohorts pres ent 
in the cross sec tion have been exposed to, on aver age, over their life time. For the pop
u la tions and years that we exam ined, CAL† was always higher than period e†. This is 
not sur pris ing, given that recent period mor tal ity sched ules may be expected to have 
much lower mor tal ity over youn ger ages than the mor tal ity lev els expe ri enced by a 
crosssec tional aver age of past cohorts over these ages.

Perhaps more inter est ing was our find ing that the pop u la tionlevel rank ings in 
lifespan var i a tion var ied con sid er ably depending on whether the period or the cross
sec tional aver age per spec tive was applied. The most dra matic exam ple of the dif
fer ences was found for Ital ian females: across the 10 countries inves ti gated in 2013, 
CAL† was the highest, but period e† was the sec ond low est, for this group. In con
trast, Swed ish females had a period e† that was not much higher than that of their 
Ital ian coun ter parts, but a CAL† that was a full year and a half (around 15%) lower. 
The impli ca tion here is that Ital ian females were exposed to much greater var i abil ity 
in the age at death over their life course than Swed ish females, even if the cur rent 
period sched ule of mor tal ity sug gests that lifespan var i a tion has been sim i lar for the 
two pop u la tions.

To high light the sub stan tive mean ing behind the dif fer ent CAL† and ep† lev els, we can 
put these dif fer ences into his tor i cal per spec tive. For Ital ian females, for instance, the 
ratio between CAL† and ep† is 32% in 2013. This ratio cor re sponds, approx i ma tely, to 
40 years of reduc tions in ep†; more spe cifi  cally, it cor re sponds to ep† reduc tions between 
1970 and 2013 (36%) when ep† decreased from 11.78 to 8.67. Among Scot tish males, 
the ratio of 8% between CAL† and ep† cor re sponds to reduc tions in ep† over more than 
three decades (ep† (1980) = 11.96 and ep† (2013) = 11.02); while for Swed ish males, the 
ratio of 11% is sim i lar to more than two decades of reduc tion in ep† (ep† 1990( ) = 10.87 
and ep† 2013( ) = 9.60). These com par i sons show that CAL† approaches ep† lagged by 20 
to 40 years. In other words, the ratios between these two lifespan var i a tion mea sures 
would be equiv a lent to 2–4 decades of improve ments in ep†.

Thus, if lifespan var i a tion was a good indi ca tor of indi vid ual uncer tainty around 
the tim ing of death, it should accu rately reflect how indi vid u als assess their pro
spec tive chances of sur vival to future ages. Whether such indi vid ual assess ments are 
best quan ti fied by period, cohort, or the crosssec tional aver age mor tal ity expe ri ence 
remains a key open ques tion. As the Ital ian, Scot tish, and Swed ish exam ples dem on
strate, the dif fer ences in the lifespan var i a tion according to the tem po ral dimen sion 
exam ined are not triv ial.
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Uncertainty in the Timing of Death

Previous stud ies have shown that indi vid u als inter nal ize their surrounding mor tal
ity (Dormont et al. 2018; Hurd et al. 1998; Hurd et al. 2004; Perozek 2008). Pre
cisely how obser va tions of mor tal ity prog ress influ ence peo ple’s sub jec tive sur vival 
expec ta tions and uncer tainty about the tim ing of death is an intrigu ing ques tion that 
war rants fur ther inves ti ga tion (Sasson 2016). Individuals might base their sub jec
tive expec ta tion of sur vival on the mor tal ity con di tions expe ri enced by their friends, 
spouses, par ents, or other rel a tives. The death of a par ent seems to affect both the 
sub jec tive sur vival prob a bil i ties and sur vival uncer tainty (Dormont et al. 2018; Hurd 
and McGarry 1995). Indeed, the indi vid ual’s sub jec tive life time uncer tainty increases 
when one of her or his par ents is deceased (Dormont et al. 2018).

By intro duc ing CAL†, we pro posed a mea sure of lifespan var i a tion that reflects the 
ten dency of indi vid u als to base their life time uncer tainty on the sur vival tra jec to ries 
of fam ily mem bers, col leagues, and neigh bors who died dur ing their life time, but are 
of mixed birth cohorts. Our results indi cated that uncer tainty in the tim ing of death 
was greater when the mor tal ity his to ries of sev eral cohorts were taken into account. 
This find ing is impor tant because greater uncer tainty is highly unde sir able for most 
peo ple.

People’s expec ta tions and uncer tainty about their future sur vival are instru men
tal in their key life course deci sions. There is evi dence that sub jec tive expec ta tions 
affect the demand for insur ance prod ucts (Brown 2001; Inkmann et al. 2011; O’Dea 
and Sturrock 2019). Individuals who are pes si mis tic about sur viv ing to older ages 
are more likely to retire early, to save less for retire ment, and to avoid pur chas ing 
annu ities (Heimer et al. 2019; O’Dea and Sturrock 2019). It has been argued that 
whether peo ple are opti mis tic about reaching an advanced age affects the like li
hood of adopting a healthy life style or of under go ing health screen ings (Picone et al. 
2004; ScottSheldon et al. 2010), and can even influ ence the tim ing of child bear ing 
(Eisenberg and Schenker 1997; Geronimus et al. 1999; Nettle 2010; Rindfuss and 
Bumpass 1976).

Implicit within much of this lit er a ture linking sub jec tive sur vival expec ta tions with 
indi vid ual behav iors is that indi vid u als base their life course deci sions on achiev ing 
aver age lev els of sur vival. But it is equally plau si ble that indi vid u als also con sider the 
degree of uncer tainty in sur vival out comes in plan ning their lives. Indeed, a French 
sur vey that mea sured the respon dents’ sub jec tive sur vival prob a bil i ties of sur viv ing 
to mul ti ple ages showed that the level of sub jec tive uncer tainty about lon gev ity (the 
stan dard devi a tion of their sub jec tive expected age at death) closely matched life 
table stan dard devi a tions in the age at death, and had an asso ci a tion with risky behav
ior that was inde pen dent of their sub jec tive life expec tancy (Dormont et al. 2018).

Differences between indi vid u als’ and insur ers’ per cep tions of life time uncer tainty 
can have impli ca tions for the annu ity mar ket. Considering that annu ities are pri mar ily 
used as an income flow for retir ees, if insur ers under es ti mate indi vid u als’ per cep tions 
of life time uncer tainty, sales of annu ities may be neg a tively affected. By show ing that 
there are con sid er able dif fer ences between period, cohort, and crosssec tional lifespan 
var i a tion mea sures that are in line with dif fer ent sub jec tive assess ments of life time 
uncer tainty, our results can shed light on the low demand for annu ities (Agnew et al. 
2015; Alexandrova and Gatzert 2019). Individuals who base their uncer tainty about 
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their time of death on the sur vival tra jec to ries of fam ily and friends who have died in 
the past and are from dif fer ent birth cohorts might see an annu ity as a worse deal than 
peo ple who base their sur vival uncer tainty on cur rent mor tal ity rates, since they believe 
their chances of dying early are higher and their risk of outliving their sav ings is lower.

The deci sion to buy an annu ity, as a way to cre ate retire ment income, varies across 
social groups. For instance, higher edu ca tion has a pos i tive effect on annuitization 
(Agnew et al. 2015). Thus, in a het ero ge neous pop u la tion, the sub jec tive assess ments 
of life time uncer tainty may also dif fer across social groups. How these assess ments 
are formed remains poorly under stood. However, if socially dis ad van taged groups, 
which are less likely to buy an annu ity and have higher mor tal ity lev els, base their 
life time uncer tainty on crosssec tional mea sures (CAL† higher than ep†), they may 
assess annu ities as a worse deal than their actu ar ial period prob a bil i ties of dying. But 
if, on the other hand, socially advan taged groups base their life time uncer tainty on 
pro jec tions of fall ing period mor tal ity, they may per ceive annu ities as a bet ter deal 
than when based on the CAL† per spec tive. Thus, both social gra di ents in mor tal
ity and dif fer ences in per cep tions of life time uncer tainty across social groups may 
amplify inequalities in annu ity demand.

Examining the dif fer ences in the lev els of uncer tainty about the tim ing of death 
across indi vid u als and pop u la tion groups might help us gain a bet ter under stand
ing of the moti va tions behind adverse health behav ior. Individuals with high lev els 
of life time uncer tainty may pri or i tize goals with imme di ate out comes, which could 
make them less likely to adhere to health pro mo tion and dis ease pre ven tion and to 
par take in risky behav ior. Whether indi vid u als fol low the advice of pub lic health 
pro grams to stop smok ing, lose weight, exer cise, and make other life style changes 
greatly depends on their lev els of engage ment (Cameron and Best 1987; Middleton 
et al. 2013). Thus, indi vid u als’ per cep tions of the tim ing of death should be included 
in health pro gram dis cus sions since the effec tive ness of these pro grams depends on 
indi vid ual health behav ior.

Measuring Lifespan Variation

Our results revealed that dif fer ent lev els of uncer tainty in the tim ing of death arise from 
the mor tal ity con di tions taken into account by each mea sure. This find ing was expected 
because the period, cohort, and crosssec tional lifespan var i a tion mea sures con sider, 
respec tively, the cur rent mor tal ity rates, the past mor tal ity con di tions, and the mor tal ity 
con di tions pre vi ously expe ri enced by the cohorts in a crosssec tional approach.

Consistent with pre vi ous stud ies (Engelman et al. 2010; Wilmoth and Horiuchi 
1999), we found higher lev els of cohort than period var i a tion in the age at death. This 
result was largely attrib ut  able to the higher lev els of infant mor tal ity expe ri enced by 
the extinct cohorts com pared to those observed in the period basis. We also com pared 
the period with the crosssec tional approach. Because it took high past lev els of mor
tal ity into account, CAL† revealed higher lev els of var i a tion in the age at death than the 
period life table–based index. The com par i son between CAL† and cohort life dis par ity 
is not straight for ward. Cohort mea sures go from 1879 to 1903, with lon gev ity val ues 
being lower than 65 and 60, respec tively, for females and males, and the var i a tion in 
the age at death between 21 and 30 for both sexes. In con trast to the cohort approach, 
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crosssec tional mea sures start from 1989 with lon gev ity val ues all  above 69 for females 
and 63 for males, and CAL† between 9 and 15. Thus, com par i sons matching observed 
cohort mea sures with the crosssec tional ones (Guillot and Kim 2011; Guillot and Payne 
2019), for both lon gev ity and inequal ity in lifespan indi ces, are lim ited by our years of 
obser va tion. Matching CAL† with the aver age num ber of years lost due to death for an 
actual cohort can strengthen the inter pre ta tion of CAL†. To do that, one should access 
crosssec tional indi ces before the year 1879, or fore cast mor tal ity into the future.

In interpreting the ratios between CAL† and the period life dis par ity, it is impor tant 
to dis tin guish between cur rent mor tal ity rates and cur rent mor tal ity con di tions. To clar
ify this point, we turn to the period life expec tan cies. Demographers usu ally describe 
life expec tancy as the aver age lifespan of a hypo thet i cal cohort of indi vid u als who live 
their lives under cur rent mor tal ity con di tions (Preston et al. 2001; Vaupel 2002; Vaupel 
2008). However, the cur rent mor tal ity rates at each age result not only from the cur rent 
epi de mi o log i cal envi ron ment, but also from the selec tive his tor i cal mor tal ity expe ri
ences of the par tic u lar cohort who has sur vived to each age (Vaupel 2002). This makes 
the inter pre ta tion of period expec tan cies (and var i abil ity) some what awk ward (Guillot 
and Payne 2019). CAL† is an alter na tive mea sure of the var i abil ity in the age at death 
that unifies both past and pres ent mor tal ity in a crosssec tional approach.

CAL† tracks mor tal ity changes by all  the cohorts pres ent at a given time, from 
birth to the pres ent. This is an impor tant advan tage because over the last cen tury most 
pop u la tions expe ri enced sub stan tial changes in mor tal ity (Meslé and Vallin 2005; 
Meslé and Vallin 2011; Rau et al. 2017; World Health Organization 2000). In the 
past, sur vival improved faster at youn ger than at older ages as a result of reduc tions 
in infec tious dis ease. Infant and child mor tal ity decreased sub stan tially over the last 
cen tury. Older birth cohorts were at higher risk than youn ger cohorts of dying dur ing 
the first years of life. More recently, mor tal ity decline in mod ern devel oped countries 
has been achieved mainly by reduc tions in cir cu la tory and other chronic dis eases at 
adult and older ages (BergeronBoucher et al. 2020). As a result of these his tor i cal 
changes, the cur rent pop u la tion is a mix of sev eral birth cohorts that faced a vastly 
dif fer ent set of agespe cific death rates through their life.

In recent decades, there is evi dence that in some national pop u la tions (Aburto and 
BeltránSánchez 2019; Aburto and van Raalte 2018; Edwards and Tuljapurkar 2005; 
García and Aburto 2019; Gillespie et al. 2014; Seaman et al. 2016) and socio eco
nomic groups (BrønnumHansen 2017; Permanyer et al. 2018; Sasson 2016; Seaman 
et al. 2019; van Raalte et al. 2014), lifespan var i a tion has stalled or increased, often 
along side increas ing life expec tancy. These find ings refer mainly to pop u la tions in 
which mid life mor tal ity has been stag nat ing or increas ing, while mor tal ity at very 
young and older ages has con tin ued to improve. Because none of the pop u la tions 
we used in our illus tra tion expe ri enced sustained mor tal ity increase over mid life, we 
were unable to exam ine how this dynamic has been evolv ing over sin gle cohorts, or 
in a crosssec tional cohort per spec tive. Nevertheless, in addi tion to detecting a neg
a tive asso ci a tion between CAL and CAL†, our find ings showed a slower slope in the 
asso ci a tion between CAL and CAL† than between the pairs of e0,p, and ep†. Thus, by 
tak ing into account past and pres ent mor tal ity, CAL and CAL† were found to move 
more grad u ally. Our results also showed that changes in CAL were asso ci ated with 
slower changes in CAL† when com pared with changes in the period and cohort pairs 
of mor tal ity mea sures.
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One lim i ta tion of CAL† is its inter pre ta tion as the aver age num ber of years lost 
due to death, as we men tioned in the Data and Methods sec tion and math e mat i cally 
showed in the online OSM3. Another draw back of CAL† is the require ment of his
tor i cal mor tal ity infor ma tion for its cal cu la tion, which to date is avail  able only for 
some devel oped countries. As long mor tal ity series are becom ing more avail  able, 
CAL† can be cal cu lated for a broader num ber of pop u la tions. Completing the mor tal
ity his to ries of cohorts near extinc tion (for instance, those who have already reached 
the modal age at death) would also allow for a lon ger time series. However, efforts 
need to be made to mea sure the var i a tion in the ages at death in a crosssec tional per
spec tive in countries that lack the mor tal ity his tory of cohorts. For those pop u la tions, 
a trun cated ver sion of CAL†, an approach sim i lar to that presented by CanudasRomo 
and Guillot (2015) for the CAL mea sure, may help the inves ti ga tion of the lifespan 
var i a tion in a crosssec tional per spec tive.

Conclusion

We intro duced a novel lifespan var i a tion mea sure to the demo graphic lit er a ture. This 
mea sure is a crosssec tional approach that reflects the expe ri ences of indi vid u als who 
base their level of life time uncer tainty on both past and cur rent mor tal ity con di tions. 
We high lighted the poten tial impli ca tions of higher lev els of uncer tainty about the 
tim ing of death on indi vid ual life course deci sions. ■
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