
Ageing and diversity: Inequalities in longevity and health in low 

mortality countries 

Cosmo Strozza1, Viviana Egidi2, Maria Rita Testa3 and Graziella Caselli2* 

1Interdisciplinary Centre on Population Dynamics, University of Southern Denmark, Odense, 

Denmark 

2Department of Statistics, Sapienza University, Rome, Italy 

3Department of Political Sciences, Luiss University, Rome, Italy 

*Corresponding author 

 

Please do not publish or circulate without authors’ permission. Paper currently under review in a 

demographic journal. 

 

Abstract 

BACKGROUND 

Longevity and old age are two aspects of the same phenomenon, representing a major concern for 

modern societies. There is universal consensus among scholars about the need for new frameworks 

and measures to define older people in a more effective and dynamic way. 

 

 



OBJECTIVE 

The aim of this paper is to compute prospective old-age thresholds (POATs) in six countries 

characterised by disparate progress in survival. The paper also examines trends in POAT and 

disability-free POAT (DF-POAT) by gender, geographical area, and education in Italy, to outline 

possible strategies to counter population ageing.  

DATA AND METHODS 

To compute the POAT, we use life tables from the Human Mortality Database (HMD) and the 

Italian National Institute of Statistics, Istat. In addition, to compute the DF-POAT, data have been 

retrieved from Istat on mortality and health by geographical area and education. 

RESULTS 

During the period 1950-2020, the POAT advanced everywhere, albeit in different rhythms by 

country, gender, and period. However, great differences in POAT and DF-POAT have emerged, 

depending on place of residence, education, and health. 

CONCLUSIONS 

The POAT changes the evaluation of population ageing and could reduce the alarm caused by 

measures based on static chronological ages. Using Italy as case study, we show that overcoming 

geographical and social inequalities would counteract the population ageing process.  

CONTRIBUTION 

The paper enhances the use of a dynamic old-age threshold, as embraced by Vaupel in some of his 

works, and highlights the impact of survival and health inequalities on ageing more neatly than 

studies based on chronological age.  



Introduction 

Over recent decades, adult and old-age mortality declined remarkably throughout the developed 

world. More than half of the improvements in life expectancy in Europe (almost 70% in the United 

States) in the last two decades are attributed to reduction in mortality over age 60 (United Nations 

2017). This phenomenon poses economic and public health challenges for modern societies, and 

opens up fresh horizons for researchers interested in life expectancy trends, particularly at older 

ages. Recent mortality developments have impacted the population age structure of modern 

societies, which nowadays are characterized by a higher proportion of older people. In both 

demography and social, political, and health sciences, older people are conventionally considered 

those older than a fixed chronological age of 60 or, more recently, 65 (Europeas 2021). These age 

thresholds are routinely referred to in demographic evaluations, social interventions, health policies, 

economic policies, and the public spending.  

The implicit assumption of a fixed age threshold is that individual characteristics, such as health 

status and survival probabilities, remain unchanged from one cohort to the next. However, a 65-

year-old person today expects to live longer and with better health conditions than did a person of 

the same age seventy years ago. Moreover, increases in life expectancy and lifespan extensions 

result not only from medical and health advances, but also economic and social developments that 

have improved living conditions, both individually and collectively. These factors have contributed 

to contrast diseases, so that the entire individual life cycle has been affected by new survival 

opportunities (Lee and Goldstein 2003; Levin 2013). Although ageing is a universal process that 

affects all individuals, a degree of plasticity does exist across both individuals and cohorts, 

irrespective of the biological ageing theory assumed (Baudisch and Vaupel 2012; Burger, Baudisch, 

and Vaupel 2012; McDonald 2019; Vaupel 2010). The dramatic transformations that have taken 



place in the past question the validity of all fixed ages as threshold of the transition from adulthood 

to old-age (Demuru and Egidi 2016; Lee and Goldstein 2003).  

A large body of literature exists on every facet of the daily lives of older people. Psychological, 

social, economic, demographic, health, and even existential issues, have all been dealt with in great 

detail, keeping pace with the persistent increase in the number of older adults and their lengthening 

lifespan. Longevity and old age are indeed two aspects of the same phenomenon and, moreover, 

they represent a major issue for modern societies. The contours and mechanisms of interaction 

between the two concepts are under-investigated, despite the wealth of existing literature on older 

adults. Several studies have outlined the impact of declining mortality on the increase in the older 

population (Arthur and Vaupel 1984; Canudas-Romo, Shen, and Payne 2021; Caselli and Vallin 

1990; Fernandes, Turra, and Rios Neto 2023; Horiuchi and Preston 1988), and the impact of 

declining mortality at older ages on the trends in survival and longevity (Aburto et al. 2020; Aburto 

and van Raalte 2018; Barbi 2003; Bohk-Ewald, Ebeling, and Rau 2017; Canudas-Romo 2010; 

Cheung et al. 2005; Diaconu, Raalte, and Martikainen 2022; Engelman, Canudas-Romo, and Agree 

2010; Salinari and De Santis 2014; Van Raalte and Caswell 2013; Vaupel 2010; Vaupel, 

Villavicencio, and Bergeron-Boucher 2021; Zheng 2014).  

In addition to not accounting for survival improvements, the conventional old-age thresholds hide 

major inequalities: between men and women, highly- and low-educated, rich and poor, robust and 

fragile people. As such, they cannot provide useful information to design policies aimed at meeting 

the real needs of the older population, reducing inequalities, and channelling public spending 

appropriately. For this reason, there is universal consensus among scholars about the need for new 

frameworks and measures to define older adults in a more effective and dynamic way. Major efforts 

have been made to link the concept of older age to the changing life course conditions and the 

improved longevity. Recently, several authors have come up with new measures of population 



ageing, which are based on various aspects of the survival function (Alvarez and Vaupel 2023; 

Burger, Baudisch, and Vaupel 2012; Europeas 2021; Sanderson and Scherbov 2005; Vaupel, 

Villavicencio, and Bergeron-Boucher 2021; Zuo et al. 2018). The central idea behind these 

approaches is that the old-age threshold should be responsive to life expectancy improvements – 

particularly to remaining life expectancy at older ages. Thus, the old-age threshold should be 

allowed to change correspondingly. One of them introduces the concept of “prospective” age 

(Demuru and Egidi 2016; Lutz, Sanderson, and Scherbov 2008; Sanderson and Scherbov 2005, 

2019; Scherbov and Sanderson 2020), thereby reactivating a line of pioneering research that was 

largely discussed in the 1970s (Ryder 1975). As opposed to looking to the past (chronological age), 

prospective age looks to the future, because it is based solely on remaining life expectancy at a 

certain age. Furthermore, this and other approaches – based on various aspects of the survival 

function – have the advantage of emphasizing that an individual’s life course is largely influenced 

by the context in which they live, which can either protect or deteriorate their health conditions and 

alter the pace and manner of their ageing. Although the new dynamic thresholds can overcome the 

static nature of the conventional ones, when computed for the whole population they still have the 

limitation that inequalities between groups with different characteristics within the same population 

remain hidden.  

The aim of this paper is to uncover these differences by computing the prospective old-age 

thresholds (POATs) in a range of countries and sub-populations who might have benefited in a 

different manner from health and survival improvements. The POAT can be used to quantify, in 

relative terms, inequalities between and within populations (Caselli, Egidi, and Strozza 2021; 

Demuru and Egidi 2016). More specifically, we will address the following research questions:  



1. How have various reduction pathways of old-age mortality changed the remaining 

life expectancy, the age-at-death heterogeneity, and the measures of population 

ageing that account for changes in survival? 

2. How do survival differentials by socioeconomic status, geographical area, and 

health conditions modify old-age thresholds and population ageing?  

3. Is it possible to reverse the trend towards an increasing population ageing by 

reducing social inequalities?  

To answer these questions, we will estimate the POAT not only for the whole population but also 

by geographical area of residence, socioeconomic status, and health conditions, to account for 

survival improvements at older ages and their inequalities. A gender perspective will be adopted 

throughout the study, to highlight the different pathways of mortality reduction of men and women, 

and to highlight inequalities in exposure to the risk of death.  

After a section devoted to the presentation of the data and methods used, the Results section will be 

divided into four sub-sections. The first sub-sections describe the long-term trends of the POAT, 

together with two main indicators of old-age mortality, i.e., remaining life expectancy and life table 

entropy, both at age 65. All indicators will be referred to six countries with different trends in 

mortality and population aging: Denmark, France, Italy, Sweden, the United Kingdom, and the 

United States. In the following sub-sections, Italy is used as case study, because it allows the impact 

of some major inequalities (i.e., geographical area of residence, education, and health conditions) on 

the POAT and population ageing to be addressed. Those results make it possible to suggest how 

interventions to reduce inequalities within populations might alter the population ageing process. 

The final section discusses methods and results, and draws a conclusion. 

  



Data and Methods 

This study draws on several sources of data and methods to answer the abovementioned research 

questions.  

To answer the first research question, we use sex-specific period life tables and populations for six 

European countries obtained from the Human Mortality Database (HMD) from 1950 to 2020 

(Barbieri et al. 2015; HMD 2023). Those countries are Denmark, France, Italy, Sweden, the United 

Kingdom, and the United States. Italy life table and population in 2020 is obtained from the Italian 

National Institute of Statistics (Istat) database (Istat 2023). We selected six countries that are 

characterized by different mortality trends over the last 70 years. From the life tables, we retrieve 

the remaining life expectancy at age 65 (𝑒𝑒65) for each country and year by sex, representing the 

ultimate measure of mortality. At the same level of detail, we compute the life table entropy at age 

65 (𝐻𝐻�65), as a relative measure of lifespan inequality, expressing the elasticity of life expectancy to 

changes in mortality (Keyfitz and Caswell 2005). To complete the mortality picture and assess 

population ageing, we estimate the prospective old-age threshold (POAT) for each country and year 

by sex (Scherbov and Sanderson 2020). The POAT represents the age at which remaining life 

expectancy from a standard population, used as reference, is observed in a certain calendar year or 

population. The POAT estimates are based on life expectancy smoothed with Splines (Silverman 

1985). To compare trends in POAT for the six countries and across the 70 years, we use remaining 

life expectancy at age 65 for men in the UK in 1950 as a reference for all the calculations. The 

relationship between life expectancy and lifespan inequality has been recently investigated by 

several scholars (Aburto et al. 2019, 2020; Vaupel, Zhang, and van Raalte 2011). We then 

graphically assess the relationship between 𝐻𝐻�65 and POAT (see Figures S3 in the Supplementary 

Materials). Furthermore, we use the Joinpoint regression, also known as change point or segmented 

regression, to analyse trends in POAT, by estimating the points at which a series significantly 



changes its slope (evolutionary phases) (Kim et al. 2000). Then, in the estimated evolutionary 

phases, we observe trends in 𝑒𝑒65 and 𝐻𝐻�65. This model is frequently used; for instance, to analyse 

changes in trends in disease-specific death rates (Qiu et al. 2009; Wilson, Bhatnagar, and Townsend 

2017) or other population parameters (Demuru and Egidi 2016). In our analyses, we investigate 

trends for the three indicators from 1950 to 2019 by country and sex. The year 2020 has been 

omitted from the Joinpoint regression analysis, as it represents an outlier which, as the final 

observation of the series, cannot be compensated by later values. Finally, based on the 

chronological and prospective age (POAT), we use, respectively, a fixed (chronological, 65 years) 

and dynamic (prospective, POAT) old-age threshold to compute the share of older individuals in the 

populations included in the analysis. 

To answer the second research question, we use life tables by sex, geographical area, and level of 

education for Italy provided by Istat (Istat 2015b). They are based on census-linked data for 2011 

with a three-year mortality follow-up (2012-2014) and represent the most recent available data with 

such level of detail in Italy. Reflecting the data availability, territory is divided into only four 

geographical areas: North-east, North-west, Center, and South – including Sicily and Sardinia 

islands. This is an adaptation of the five-category NUTS-1 grouping, in which South and Islands are 

distinguished. Education is measured according to the highest educational attainment, and is divided 

into three categories: low (elementary school diploma and lower), medium (middle school 

diploma), and high (high school diploma and higher). At the same level of detail, we compute 

disability prevalence based on pooled data (years 2012-2014) from the Italian survey “Aspects of 

Daily Living”. Self-reported disability is defined according to the Global Activity Limitation 

Indicator (GALI), which measures long-term limitations in daily activities. This indicator is used to 

compute disability-free life expectancy (DFLE) at age 65 by sex, geographical area, and education. 

DFLE is estimated using the Sullivan method (Sullivan 1971), combining mortality and prevalence 



data by weighing age-specific person-years lived (𝐿𝐿𝑥𝑥) with age-specific prevalence of disability 

(𝜋𝜋𝑥𝑥). Based on remaining life expectancy at age 65, we estimate disability-free POAT (DF-POAT) 

by sex, geographical area, and level of education. We use 𝑒𝑒65 of men from the United Kingdom in 

1950, to allow the comparability of the analysis pertaining to the first and second research 

questions. We also compute DF-POAT, based on DFLE at the POAT age for Italian men in the 

years 2012-2014, to ensure the coherence of the whole analysis. 

To answer the third research question, we compute the share of older individuals in the Italian 

population in 2011 in different scenarios: (a) current mortality, (b) overcoming geographical 

inequalities, (c) overcoming social inequalities, and (d) overcoming geographical and social 

inequalities. We do so by employing three different old-age thresholds, i.e., chronological (65 

years), POAT, and DF-POAT. Specifically, we consider the highest POAT and DF-POAT for Italy 

overall (a), by geographical area (b), by education (c), and by geographical area and education.  

Most of the analysis is performed in R version 4.2.2 (R Core Team 2022), except for the Joinpoint 

regression analysis, which is performed in SEER*Stat software, developed within the Surveillance 

Research Program, version 4.9.1.0. The code to replicate the part of the analysis for which the data 

are publicly accessible is available in the GitHub repository (will be made available after peer 

review). 

  



Results 

Increasing survival above age 65 and decreasing age-at-death variability slow down the 

ageing process 

Although, the POAT has increased greatly over the past seventy years in all the countries examined, 

this general trend has followed very different paths across countries and genders.  

Denmark and Sweden were in the top positions of the country ranking by male POAT after World 

War II, far above the United Kingdom and France. Seventy years later, the ranking changed. 

Sweden keeps its high position but is surpassed by France, the country with the highest POAT 

increase (9.4 years), followed by the United Kingdom (8.5 years increase). France reaches the top 

position for its female POAT, which increases by 9.6 years in the period. Italy is positioned second, 

immediately above all the remaining countries in the analysis. By contrast, the United States and 

United Kingdom, which held leading positions in the early 1950s, have receded conspicuously and 

are placed at the bottom of the rankings at the end of the study period, together with Denmark, 

which has followed a similar path to that of the United States between the mid-1980s and the mid-

1990s (Figure 1 and Table 1).   

  



Figure 1. Prospective old-age threshold (POAT) for selected countries, by gender. Years 1950-

2020. Reference: age 65 of UK men in in 1950 (remaining life expectancy = 11.9 years)  

 

Note. To provide smoothed patterns, we present results every 5 years from 1950 to 2020. We added 

the values for 2019 to emphasize the impact of the COVID-19 pandemic on the POAT.  

 

The evolution of POAT is because of the joint action of the remaining life expectancy at age 65 and 

the age-at-death variability after age 65. The relationship between life expectancy and lifespan 

inequality has been recently investigated by several scholars (Aburto et al. 2019, 2020; Vaupel, 

Zhang, and van Raalte 2011). Results concerning the relationships between POAT and life table 

entropy at age 65 for the countries under investigation are displayed in the Supplementary Materials 

(Figures S3).  

In Table 1, we report the values of POAT at age 65, remaining life expectancy (𝑒𝑒65), and life table 

entropy (𝐻𝐻�65) at the same age, at the beginning and the end of the period. Besides the year 2020, we 

also show values for the year 2019, to allow us assess the consequences of the COVID-19 



pandemic, which has caused an abrupt change in the three indicators in many countries. We notice 

that, in the seventy years considered, while the increase in 𝑒𝑒65, albeit differentiated, affected all 

countries and both sexes, 𝐻𝐻�65 has followed less homogeneous and regular paths. For women, it has 

decreased constantly, often remarkably, and in the most recent years has become lower than that of 

men. This trend is in line with the results shown by Aburto et al. 2019 over the entire life cycle. For 

men, 𝐻𝐻�65 decreased in some countries (Denmark, Sweden, and the United Kingdom), and increased 

in other countries (France and Italy), while it has remained substantially stable for long periods in 

the United States. In 2020, in all countries except Denmark, both remaining life expectancy and the 

POAT, have decreased by more than one year. In the United States, the United Kingdom, and Italy, 

this was the case for both men and women. In the same period, the life table entropy increased after 

a long period of decrease, jumping back to values comparable to those of the immediate post-war 

period, or even higher, in relation to men in Italy and France.  

  



Table 1. Prospective old-age threshold (POAT), remaining life expectancy at age 65 (𝑒𝑒65) and life 

table entropy (𝐻𝐻�65) in percentage points for selected countries. Years 1950, 2019 and 2020. 

Reference: age 65 of UK men in in 1950 (remaining life expectancy = 11.9 years) 

Country Year 
Male   Female 

POAT 𝑒𝑒65 𝐻𝐻�65%   POAT 𝑒𝑒65 𝐻𝐻�65% 
Denmark 1950 67.5 13.6 35.4   68.2 14.1 36.6 

2019 74.0 18.3 34.6   76.8 21.0 31.8 
2020 74.0 18.3 34.5   76.9 21.1 31.6 

                  
France 1950 65.5 12.2 32.8   69.0 14.6 34.6 

2019 75.8 19.6 32.7   79.2 23.5 27.6 
2020 74.9 18.9 33.2   78.6 23.0 27.9 

                  
Italy 1950 67.2 13.3 32.2   68.5 14.3 34.9 

2019 75.0 19.4 32.8   77.9 22.5 28.4 
2020 73.7 18.3 34.3   76.9 21.7 28.8 

                  
Sweden 1950 67.5 13.5 36.0   68.4 14.3 36.7 

2019 75.0 19.5 32.5   77.6 22.0 29.7 
2020 74.2 18.9 32.6   76.9 21.5 30.0 

                  
United 
Kingdom 

1950 65.0 11.9 35.8   68.5 14.3 36.5 
2019 74.6 19.0 33.8   77.1 21.3 31.1 
2020 73.4 18.0 34.3   76.1 20.6 31.4 

                  
United States 1950 66.6 12.8 34.7   69.9 15.1 36.5 

2019 74.6 18.4 34.0   77.1 21.0 32.0 
2020 72.9 17.1 34.2   75.7 19.8 32.6 

 

  



The evolution of the POAT from the post-World War II period to the present has been anything but 

smooth. In Table 2 we show, for the six countries, the different phases of its evolution, identified 

via the Joinpoint regression. Specifically, the boundaries are those years where the slope of the 

POAT changes significantly. Besides the average variation of the POAT in the different phases, we 

report variation in 𝑒𝑒65 and 𝐻𝐻�65 to reflect their evolution within each phase. Estimates encompass the 

period 1950-2019, eliminating the impact of the pandemic outbreak. The more or less rapid 

evolution of POAT in the different periods is clearly determined by the joint evolution in average 

age at death and its variability combined: periods of stagnant or receding POAT are characterized 

by little or no change in remaining life expectancy and an increase in life table entropy. An example 

is provided by the POAT trend of Danish women in 1987-95, and that of US women in 1992-2001, 

for which remaining life expectancy stagnated or slightly declined, while the relative variability of 

age at death increased. By contrast, a most rapid progress of the POAT usually occurs when 

remaining life expectancy increases and life table entropy decreases. An example is provided by the 

rapid advance of the POAT, approximately four months a year, for men in the United Kingdom 

from the end of the 1990s to the first decade of this century. Nevertheless, an increase in the POAT 

may also occur under an increasing trend in life table entropy. It was the case for US men in the 

1970s, when, after the setback experienced in 1954-69, the POAT continued to advance, by more 

than two months a year, despite growing life table entropy. Table 2 highlights two groups of 

countries. On the one hand, there are those that followed a regular (positive) evolution throughout 

the period, with few breaking points in the time series, such as Sweden and France, that went up to 

the top of the rankings of POAT for both sexes. On the other hand, there are those countries that 

experienced more bumpy paths, with many significant evolutionary phases, like Denmark, the 

United States and United Kingdom, which have lost their initial top positions in the ranking (Tables 

1 and 2, Figure 1). Finally, looking at differences by gender, a slowing down of the rate of increase 



in POAT of women is observed in Italy, the United States and the United Kingdom in the second 

decade of this century. In this period, only France and Denmark hold their high rate of increase in 

POAT, while the POAT of Swedish women continues to increase steadily at a slightly slower pace 

than that of men. Men faced difficulties in the first half of the 1970s almost everywhere; 

subsequently, they started to experience an improvement, leading to a rapid progress in their POAT 

in the most recent decades (Table 2). 

  



Table 2. Phases of prospective old-age threshold (POAT) dynamics identified by Joinpoint 

regression. POAT, 𝑒𝑒65, and 𝐻𝐻�65 (in percentage points) slope in selected countries by gender. Years 

1950-2019. Reference: age 65 of UK men in in 1950 (remaining life expectancy = 11.9 years) 

Country 
Male   Female 

Phase POAT    𝑒𝑒65     𝐻𝐻�65       Phase POAT    𝑒𝑒65     𝐻𝐻�65     
  slope slope slope     slope slope slope 

                    
Denmark 1950-55 ns 0.05 0.15   1950-66 0.11 0.08 -0.03 

1955-64 -0.07 -0.05 0.09   1966-71 0.34 0.27 -0.19 
1964-95 0.04 0.03 0.03   1971-87 0.11 0.07 -0.06 
1995-2019 0.23 0.06 -0.23   1987-1995 -0.03 -0.05 0.19 
          1995-2019 0.14 0.15 -0.23 

                    
France 1950-74 0.08 0.05 0.18   1950-83 0.15 0.12 -0.09 

1974-2019 0.20 0.12 -0.09   1983-91 0.25 0.22 -0.21 
          1991-2019 0.14 0.13 -0.14 

                    
Italy 1950-77 0.02 0.01 0.22   1950-76 0.13 0.1 0.01 

1977-2019 0.19 0.15 -0.14   1976-2004 0.19 0.16 -0.16 
          2004-2019 0.08 0.08 -0.14 

                    
Sweden 1950-80 0.02 0.02 0.08   1950-86 0.16 0.12 -0.10 

1980-2019 0.16 0.14 -0.17   1986-2019 0.10 0.09 -0.11 
                    
United 
Kingdom 

1950-75 0.04 0.02 0.15   1950-2003 0.12 0.09 -0.04 
1975-98 0.18 0.12 -0.01   2003-11 0.22 0.21 -0.27 
1998-2011 0.31 0.24 -0.33   2011-19 ns 0.05 -0.10 
2011-19 0.08 0.08 -0.09           

                    
United 
States 

1950-54 0.14 0.10 0.27   1950-72 0.11 0.08 -0.06 
1954-69 -0.03 -0.01 0.02   1972-77 0.36 0.26 -0.11 
1969-79 0.20 0.14 0.16   1977-92 0.08 0.05 0.00 
1979-2001 0.13 0.09 -0.07   1992-2001 -0.04 0.00 -0.10 
2001-09 0.25 0.19 -0.33   2001-09 0.16 0.15 -0.17 
2009-19 0.10 0.06 -0.12   2009-19 0.07 0.06 -0.11 

  



The introduction of an old-age threshold based on prospective age (POAT) represents a 

paradigmatic shift in the study of population ageing, which had profound implications for its levels, 

dynamic and differences. Conventional measures, which rely on the chronological age of 65 as old-

age threshold, lead to a doubling or even tripling of the share of older people in the past seventy 

years. This is the result of improved longevity and the ageing of larger cohorts born during the post-

World War II period (also known as baby boomers). The innovative measures, which take into 

account the evolution of remaining life expectancy to define old age, delineate a scenario 

characterized by much smaller increases in the share of older people, which always remains below 

or at 10% almost everywhere. According to this measure, the proportion of old people has remained 

substantially stable over time, or has even decreased for France and the United Kingdom, compared 

to the immediate post-World War II period. The only exception is Italy, in which the share of 10% 

of old people is exceeded even when the POAT is applied. Italy experienced a dramatic population 

ageing because of its remarkable improvements in survival, the ageing of large cohorts born 

immediately after the Second World War, and a major reduction in fertility. 

The use of a dynamic POAT also has strong implications for differential ageing by gender. From 

the more pronounced ageing of the female population, as suggested by the conventional measure, 

we switch to a substantial equivalence in the share of older people in the female and male 

populations, or an even greater ageing of men in Denmark (Table 3). Finally, the analysis of the 

trends in the years 2019-2020 allows us to highlight the impact of the increase in mortality caused 

by the COVID-19 pandemic on the measure of population ageing. Because of the stagnation or 

reduction of the POAT that occurred between 2019 and 2020 (Table 1), the proportion of people 

older than the POAT increases and, in countries most affected by the pandemic, the increase is even 

greater than that captured by the proportion of people over the chronological age threshold (65 

years). 



Table 3: Population older than age 65 and a dynamic old-age threshold based on prospective age 

(POAT). Reference for POAT: age 65 of UK men in in 1950 (remaining life expectancy = 11.9 

years). Values in percent. 

Country Year Male   Female 
≥POAT ≥65   ≥POAT   ≥65 

Denmark 1950 6.7 8.5   7.0 9.4 
2019 8.2 18.1   7.9 21.0 
2020 8.6 18.4   8.0 21.3 

              
France 1950 9.0 9.4   9.3 13.2 

2019 7.0 18.0   8.3 22.4 
2020 7.7 18.4   8.6 22.7 

              
Italy 1950 6.1 7.5   6.0 8.5 

2019 9.6 20.4   10.9 25.2 
2020 11.0 20.8   12.0 25.5 

              
Sweden 1950 7.6 9.5   8.0 10.8 

2019 7.7 18.4   8.0 21.4 
2020 9.0 18.5   8.7 21.5 

              
United 
Kingdom 

1950 9.4 9.4   8.9 12.1 
2019 7.6 17.0   7.8 19.8 
2020 8.8 17.2   8.7 19.9 

              
United  
States 

1950 6.6 7.7   5.2 8.5 
2019 5.9 14.6   6.2 17.7 
2020 7.2 14.9   7.2 17.9 

  



Geographical and social inequality in old-age thresholds. The case of Italy 

Italy has experienced the most pronounced ageing process among the selected countries, 

irrespective of the old-age threshold used, either fixed or dynamic (Table 3). In the seventy years 

from the Second World War to the present, the share of women aged 65 years and above has 

increased by 17.0 percentage points, reaching one fourth of the total population. Among men, the 

share has increased by 13.3 percentage points, reaching one fifth of the total population. The 

dynamic threshold (always referring to the remaining life expectancy of 65 years old UK men in 

1950, to allow comparisons of the results of all the analyses) has increased in Italy at a slower pace, 

as compared to the other countries (6.5 years for men and 8.4 years for women). For example, the 

values for France, the country with the highest increase, are 9.4 years for men and 9.6 years for 

women (Table 1). Because of the smaller old-age threshold increase, the Italian population is 

marked by a higher degree of population ageing, also when considering the dynamic threshold (the 

people who are aged more than the POAT raised by 4.8 points for men and 6.0 points for women).  

 For this reason, Italy represents a case for which it is worth assessing the dynamic of the POAT at 

both national and sub-national level. Investigating inequalities between geographical areas and 

socioeconomic status might shed light on the degree of existing inequalities in mortality and 

longevity, and help us understand the consequences of overcoming them.  

In Table 4, we show the POAT by geographical area and educational attainment in Italy for the 

period 2012-2014 (Istat 2015b). Geographical differences are quite small and do not exceed 0.5 

years among men (between Center and South) and 0.8 years among women (between North-east 

and South). By contrast, in all geographical areas, and for both genders, the POAT is characterised 

by a wide educational gradient, with higher POAT for those with higher levels of education. In the 

two Northern areas, there is a clear educational gradient in POAT. On the other hand, in the Centre 



and South, there is a greater divide between the highest educational level and the other two levels, 

whose POAT are very close each other. In all three educational levels, the South, which is the least 

economically developed area in the country, lags behind the other geographical areas, with lower 

POAT for both men and women. At the national level, high-educated men become older 1.4 years 

later than low-educated men, while high-educated women become older just 0.8 years later than 

low-educated women. Moreover, the educational divide is wider in the richer North than in the 

poorer South among men (1.8 years in the North-West and 1.5 years in the North-East versus 1.2 

years in the South), while it is slightly wider in the South than in the North among women (1.1 

years in the former versus 0.9 years in the latter). Considering the most and least favoured groups, 

both geographically and socially, the distance reaches 1.8 years for men and 1.5 years for women.  

 

Table 4: Prospective old-age threshold (POAT) by geographical area, education, and gender. Italy, 

years 2012-2014. Reference for POAT: age 65 of UK men in in 1950 (remaining life expectancy = 

11.9 years) 

Geographic 
area 

Male   Female 
High Medium Low Total   High Medium Low Total 

North-west 75.3 74.3 73.5 74.0   78.3 77.8 77.4 77.6 
North-east 75.3 74.6 73.8 74.1   78.2 77.8 77.6 77.7 
Center 75.3 74.4 74.0 74.3   78.2 77.6 77.4 77.6 
South 74.7 73.8 73.5 73.8   77.8 77.3 76.7 76.9 
          
Italy 75.1 74.3 73.7 74.0   78.1 77.6 77.2 77.4 

  



When do Italians become old, when health is taken into account?  

Focusing on the functional dimension of health in the years 2012-2014, we compute disability-free 

prospective old-age threshold (DF-POAT). It represents the age at which disability-free life 

expectancy equals that observed for Italian men in at age 74.2, that is their POAT in those years 

with respect to remaining life expectancy of UK men in 1950. At this age, the disability-free life 

expectancy of Italian men was 4.9 years out of 11.9 of total life expectancy.  

Conditioning old-age thresholds to good health amplifies geographical and educational differences, 

and reverses the longevity advantage of women. The worse functional health of women is reflected 

in a DF-POAT which is 4 years lower on average, compared to their POAT (respectively 73.1 and 

77.4 years). As a consequence, women are considered older 3.4 years later than men, by looking at 

the total remaining life expectancy, but 1.1 years before men, if life expectancy without disability is 

considered. Furthermore, differences across geographical areas become more pronounced, i.e., 4 

years among men and more than 5 years among women, with higher DF-POAT registered in the 

North compared to the South. Differences by educational attainment are also wider: 4.4 years 

among men and 4.7 year among women. Overall, comparing the extreme values of DF-POAT, the 

most educated men resident in the North-east (the most advantaged region) would age about 8 years 

later than the least educated men residing in the South. Among women, the maximum divide is 

slightly more than 9 years, and the most advantaged geographical area is the North-west. 

  



Table 5: Disability-free prospective old-age threshold (DF-POAT) by geographical area, gender, 

and education. Italy, years 2012-2014. Reference for DF-POAT: age 74 of Italian men in 2012-14 

(POAT comparative to age 65 of UK men in 1950)  

Geographic 
area 

Male   Female 
High Medium Low Total   High Medium Low Total 

North-west 77.1 78.0 73.9 75.4   77.7 73.6 73.7 74.2 
North-east 77.9 77.8 73.7 75.2   75.8 75.1 74.4 74.7 
Center 77.4 74.7 73.9 74.8   77.4 72.9 72.9 73.4 
South 76.2 72.9 70.2 71.4   76.2 71.0 68.3 69.4 
                    
Italy 77.0 75.8 72.6 74.0   76.8 73.3 72.1 72.8 

 

 

Closing the gap between social groups makes the Italian population younger 

As previously described, in Italy the use of the POAT halves the share of people considered to be 

older, as computed by using a chronological age threshold set at 65 years (Table 3). In 2011, 

reference year for the social differences and health conditions in Italy, the proportion of people aged 

65 and above is 19.6% among men and 22.9% among women. The dynamic old-age threshold 

brings these proportions to around 10% for both genders. Even considering the sharp decline of the 

age threshold conditional on the good health of women (from 77.4 to 72.8 years, Tables 4 and 5) 

and the consequent revaluation of the proportion of elderly people by 4.6 percentage points (from 

9.9% to 14.5%, Table 6), it remains more than 8 percentage points below that estimated using 

conventional measures. For men, taken as reference for thresholds conditional on good health, this 

effect cannot be assessed.  

As reported in Tables 4 and 5, the social and geographical differences in survival and health 

strongly affect the POAT. Results displayed in Table 6 assess how overcoming these inequalities 

might affect the estimated ageing of the Italian population. Overcoming the existing geographical 



differences in the country would have a very limited impact on national ageing for both men and 

women. It would be more pronounced if the condition on good health thresholds (from 10.4% to 

9.1% among men and from 14.5% to 12.5% among women) were considered. Much more 

noticeable is the effect of overcoming social inequalities, especially when considering remaining 

disability-free life expectancy. In this case, the proportion of old-age people drops by almost 3 

percentage points for men (from 10.4 to 7.7%) and by more than 4 points for women (from 14.5 to 

10.4%). This means that, if adequate social and health policies made it possible to overcome both 

geographical and social inequalities, the reduction in ageing would be even more accentuated 

(around 9% both for men and women), and even stronger for men, as long as only remaining life 

expectancy in good health is considered (6.9%).  

 

Table 6:  Italian people older than the prospective old-age threshold (POAT) and disability free old-

age threshold (DF-POAT) according to different hypotheses, by gender in 2011. Reference for 

POAT: age 65 of UK men in in 1950 (remaining life expectancy = 11.9 years); for DF-POAT: 

disability-free life expectancy of Italian men in 2012-14 (5.0 years). Percentage values.  

Hypothesis Males   Females 
≥POAT ≥65   ≥POAT   65 

Current values 10.4 10.4  9.9 14.5 
Overcoming 
geographic 
inequalities 

10.1 9.1  9.6 12.5 

Overcoming social 
inequalities 9.3 7.7  9.3 10.4 

Overcoming 
geographic and 
social inequalities  

9.2 6.9  9.1 9.7 

  



Discussion and Conclusion 

Overall, in the period 1950-2020, the prospective old-age threshold advanced everywhere, albeit 

with different rhythms, depending on country, gender and period. Using the remaining life 

expectancy at age 65 for UK men in 1950 as reference – the lowest at the time, the POAT for 

women reached 76-78 years, as opposed to 73-75 years for men. The trend was marked by country-

specific phases of development between men and women. In some phases, the POAT advanced 

very rapidly, as happened for men in the United Kingdom in the period 1998-2011, when it 

increased at a rhythm of 1 year in every 3. In other, less frequent phases, the POAT fell back 

equally rapidly, as happened for men in the United States between 1954 and 1969. For women, the 

greatest rhythm of increase, which again was approximately 1 year in every 3, was found in 

Denmark in the period 1966-71. However, the most frequent rhythms of advance are of 1 year in 

every 4. Noteworthy were the contrasting trends for men and women in the first decades of this 

century in many countries. The POAT advanced extremely rapidly almost everywhere (except for 

the United Kingdom and the United States) in the first decade, making up for the lower rates in the 

past. In the next decade, though, there was a sharp slowdown (or even a complete stop in some 

countries) among those who had remarkable progress in the previous decade. 

Although the POAT is based on remaining life expectancy and its modifications at different ages, 

we can also see a strong association with the life table entropy (𝐻𝐻�65), the reduction in which is 

associated with a more rapid advance of the threshold. For men in many countries, there was a long 

period in which the POAT remained around 66-67 years (and remaining life expectancy at age 65 

around 13-14 years), along with a growing trend of life table entropy that reached a maximum of 

38-40%. Later, the POAT began to advance decisively, along with a rapid growth in remaining life 

expectancy and an equally rapid reduction in entropy (Figures S1 and S2 in the Supplementary 

Materials). To our knowledge, this represents a first attempt at exploring jointly the POAT and 



measures of lifespan inequality. Further investigation of this relationship is needed and might open 

up interesting research scenarios. Immediately after World War II, women showed higher entropy 

values than men in every country, and the diminishing trend generally started from values of the 

POAT around 70 years (and a remaining life expectancy of 15-16 years), but the reduction was 

stronger than for men. Indeed, women’s values of life table entropy are at present lower than those 

of men, and the gender gap for 𝑒𝑒65 and the POAT has been diminishing in recent decades.  

One of the conceptual advantages of the prospective age – and of the thresholds based on it – is that, 

unlike the chronological measure, it is related to the level of survival of the population in which 

individuals live. It thus underlines that individual survival does not depend exclusively on personal 

characteristics, but also on the context in which people live. Clearly, this is also the fundamental 

limitation of prospective age: estimates at individual level are relative to the population to which 

individuals belong. Therefore, it cannot replace the chronological age of a single individual. Like 

other proposals that have been advanced in recent years (the percentile age of Zuo et al. 2018; or the 

s-age of Alvarez and Vaupel 2023, to mention two examples), the measurements based on 

prospective age nevertheless highlight some issues that are not visible by using measures based on 

chronological age.   

Using a dynamic old-age threshold modifies remarkably the evaluation of population ageing. For 

example, the proportion of people older than the POAT has not changed since immediately after 

World War II, or has even decreased, e.g., in France. This contradicts the alarming ageing reported 

by the indicators based on a fixed chronological age. The only country in which the proportion of 

old people remains very high, even considering the dynamic threshold, is Italy, where, despite the 

rapid advance of the POAT, the proportion of elderly people doubled over the last 70 years. The 

reasons for this relate to the country’s history: the improvement in survival of the older people was 

accompanied by the ageing of the particularly numerous cohorts from the immediate post-war 



period, the strong reduction in fertility that continues today, and a long-standing negative net 

migration which reversed only in the last decades. Such circumstances make Italy a useful case 

study to assess the responsiveness of the ageing process to certain policy actions. While social and 

regional inequalities in survival and, even more, in survival in good health, are narrower in Italy 

than in other countries, they produce a marked modification of old-age thresholds and leave space 

for social and health policy interventions aimed at guaranteeing better survival for all (Caselli, 

Egidi, and Strozza 2021; Moretti and Strozza 2022). These interventions, as well as being evidently 

desirable in terms of equity and social justice, would also indirectly produce a noticeable 

rejuvenation of the population. Our results suggest that overcoming both geographical and social 

inequalities would indeed noticeably reduce the proportion of older individuals in the population, 

identified by the dynamic old-age threshold.  

After millennia in which the positive and negative components of demographic dynamics have 

modelled a relatively young population age structure, the dramatic reduction in mortality, along 

with an equally dramatic reduction in fertility, has profoundly changed the age structure of the most 

developed countries in the world. With the increasing number of older people, the consequences of 

ageing populations represent the key challenge for all social, health, and economic policies 

(Christensen et al. 2009). However, the elderly people of today are very different from those of the 

past, and probably those of the future. Life has become both longer and less uncertain, allowing 

individuals to better plan how to live it, even at ages once regarded as very advanced. As suggested 

by Lee and Goldstein 2003, the life cycle has opened like a fan, extending all its phases in function 

of the increasing length of life and its greater reliability. Of course, the reorganization of the life 

cycle is not only a matter of survival: social, economic, and cultural conventions modulate when 

young people’s education starts and finishes, when people reach working age and marry, and, 

finally, when they grow older and their active life comes to an end. 



If the evaluation suggested by the average conditions is positive, a very different image emerges 

when we consider the diversity between individuals. This is probably the reason that generates 

dissent for any policy aimed at establishing a realignment to the new survival regime, particularly 

when it concerns advancing the retirement age. Actually, pensions reforms based on estimates 

obtained on the general population tend not to consider, or consider only partially, the already 

existing inequalities of survival between individuals of the same population (Strozza et al. 2022). 

This should not be used as an argument against the realignment, but rather as an invitation to 

consider the existing inequalities in survival and intervene to reduce them. Acting on these 

inequalities may open up new possibilities for improvement, both in survival and, even more, in 

advancing the threshold of ageing in good health. Unfortunately, it is exactly the development of 

social inequalities that generates the greatest concerns for the future (Mackenbach, Karanikolos, and 

McKee 2013). In all countries – even the wealthiest – serious conditions of deprivation impact the 

lives of a growing number of people, creating the premises for entire generations of young people 

growing up in worse conditions than those that would ensure healthy survival at older ages. This is 

the essential condition for the population ageing of tomorrow to be sustainable, both economically 

and socially. 

 

Limitations 

The study has limitations that need to be acknowledged. The calculations of the POAT and DF-

POAT are based on period life tables. The basic assumption behind them is that individuals are 

exposed to period death rates throughout their lives, based on current mortality. In reality, unless 

there is important trend reversal in mortality, those death rates, and consequently our estimates of 

the POAT, represent a lower boundary of what they will be for future cohorts. The DF-POAT 



estimated for the Italian population is based on disability rates that do not include institutionalized 

individuals. However, they only represented 2% of the Italian population older than 65 in Italy (Istat 

2015a). Moreover, disability-free life expectancy is computed via the Sullivan method (Sullivan 

1971). This methodology incorporates the limitation of the stationarity of death rates (of period life 

tables) as well as that of the disability rates used in the calculations. 

 

Acknowledgements 

The authors are grateful to James W. Vaupel for his contributions to the field of longevity and 

ageing. His research greatly helped to advance the scientific knowledge of the topic. Cosmo 

Strozza’s research is supported by the AXA Research Fund, through funding for the AXA Chair in 

Longevity Research. 

  



References 

Aburto, J.M., Alvarez, J.-A., Villavicencio, F., and Vaupel, J.W. (2019). The threshold age of the 
lifetable entropy. Demographic Research 41:83–102. doi:10.4054/DemRes.2019.41.4. 

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. 
doi:10.1007/s13524-018-0729-9. 

Aburto, J.M., Villavicencio, F., Basellini, U., Kjærgaard, S., and Vaupel, J.W. (2020). Dynamics of 
life expectancy and life span equality. Proceedings of the National Academy of 
Sciences:201915884. doi:10.1073/pnas.1915884117. 

Alvarez, J.-A. and Vaupel, J.W. (2023). Mortality as a Function of Survival. Demography 
60(1):327–342. doi:10.1215/00703370-10429097. 

Arthur, W.B. and Vaupel, J.W. (1984). Some General Relationships in Population Dynamics. 
Population Index 50(2):214–226. doi:10.2307/2736755. 

Barbi, E. (2003). Assessing the Rate of Ageing of the Human Population. 0 ed. Rostock: Max 
Planck Institute for Demographic Research. doi:10.4054/MPIDR-WP-2003-008. 

Barbieri, M., Wilmoth, J.R., Shkolnikov, V.M., Glei, D., Jasilionis, D., Jdanov, D., Boe, C., Riffe, T., 
Grigoriev, P., and Winant, C. (2015). Data Resource Profile: The Human Mortality 
Database (HMD). International Journal of Epidemiology 44(5):1549–1556. 
doi:10.1093/ije/dyv105. 

Baudisch, A. and Vaupel, J.W. (2012). Getting to the Root of Aging. Science 338(6107):618–619. 
doi:10.1126/science.1226467. 

Bohk-Ewald, C., Ebeling, M., and Rau, R. (2017). Lifespan Disparity as an Additional Indicator for 
Evaluating Mortality Forecasts. Demography 54(4):1559–1577. doi:10.1007/s13524-017-
0584-0. 

Burger, O., Baudisch, A., and Vaupel, J.W. (2012). Human mortality improvement in evolutionary 
context. Proceedings of the National Academy of Sciences 109(44):18210–18214. 
doi:10.1073/pnas.1215627109. 

Canudas-Romo, V. (2010). Three Measures of Longevity: Time Trends and Record Values. 
Demography 47(2):299–312. doi:10.1353/dem.0.0098. 

Canudas-Romo, V., Shen, T., and Payne, C. (2021). The role of reductions in old-age mortality in 
old-age population growth. Demographic Research 44:1073–1084. 
doi:10.4054/DemRes.2021.44.44. 

Caselli, G., Egidi, V., and Strozza, C. (2021). L’Italia Longeva: Dinamiche e Diseguaglianze Della 
Sopravvivenza a Cavallo Di Due Secoli. Il Mulino. Saggi. 
https://www.mulino.it/isbn/9788815292711. 

Caselli, G. and Vallin, J. (1990). Mortality and Population Ageing. European Journal of Population / 
Revue Européenne de Démographie 6(1):1–25. doi:10.1007/BF01796797. 

Cheung, S.L.K., Robine, J.-M., Tu, E.J.-C., and Caselli, G. (2005). Three dimensions of the 
survival curve: horizontalization, verticalization, and longevity extension. Demography 
42(2):243–258. doi:10.1353/dem.2005.0012. 

Christensen, K., Doblhammer, G., Rau, R., and Vaupel, J.W. (2009). Ageing populations: the 
challenges ahead. The Lancet 374(9696):1196–1208. doi:10.1016/S0140-6736(09)61460-
4. 

Demuru, E. and Egidi, V. (2016). Adjusting prospective old-age thresholds by health status: 
empirical findings and implications. A case study of Italy. Vienna Yearbook of Population 
Research 14:131–154. doi:10.1553/populationyearbook2016s131. 

Diaconu, V., Raalte, A. van, and Martikainen, P. (2022). Why we should monitor disparities in old-
age mortality with the modal age at death. PLOS ONE 17(2):e0263626. 
doi:10.1371/journal.pone.0263626. 



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. doi:10.1111/j.1728-4457.2010.00344.x. 

Europeas, C.C. (2021). The 2021 Ageing Report: Economic and Budgetary Projections for the EU 
Member States (2019-2070. Publications Office of the European Union. 

Fernandes, F., Turra, C.M., and Rios Neto, E.L.G. (2023). World population aging as a function of 
period demographic conditions. Demographic Research 48(13):353–372. 
doi:10.4054/DemRes.2023.48.13. 

HMD (2023). Human Mortality Database [electronic resource]. http://www.mortality.org. 
Horiuchi, S. and Preston, S.H. (1988). Age-specific growth rates: The legacy of past population 

dynamics. Demography 25(3):429–441. doi:10.2307/2061542. 
Istat (2015a). I presidi residenziali socio-assistenziali e socio-sanitari [electronic resource]. 

https://www.istat.it/it/archivio/176622. 
Istat (2015b). Le dimensioni della salute in Italia. Rome. Determinanti sociali, politiche sanitarie e 

differenze territoriali. 
Istat (2023). Indicatori demografici. Tavole di mortalità della popolazione residente, anni 1974-2021 

[electronic resource]. https://demo.istat.it. 
Keyfitz, N. and Caswell, H. (2005). Applied Mathematical Demography. 3rd ed. New York, NY: 

Springer. Statistics for biology and health. 
Kim, H.-J., Fay, M.P., Feuer, E.J., and Midthune, D.N. (2000). Permutation tests for joinpoint 

regression with applications to cancer rates. Statistics in Medicine 19(3):335–351. 
doi:10.1002/(SICI)1097-0258(20000215)19:3<335::AID-SIM336>3.0.CO;2-Z. 

Lee, R. and Goldstein, J.R. (2003). Rescaling the Life Cycle: Longevity and Proportionality. 
Population and Development Review 29:183–207. 

Levin, J. (2013). Blurring the Boundaries: The Declining Significance of Age. Routledge. 
Lutz, W., Sanderson, W., and Scherbov, S. (2008). The coming acceleration of global population 

ageing. Nature 451(7179):716–719. doi:10.1038/nature06516. 
Mackenbach, J.P., Karanikolos, M., and McKee, M. (2013). The unequal health of Europeans: 

successes and failures of policies. The Lancet 381(9872):1125–1134. doi:10.1016/S0140-
6736(12)62082-0. 

McDonald, R.B. (2019). Biology of Aging. 2nd ed. New York: Garland Science. 
doi:10.1201/9780429030642. 

Moretti, M. and Strozza, C. (2022). Gender and educational inequalities in disability-free life 
expectancy among older adults living in Italian regions. Demographic Research 47:919–
934. doi:10.4054/DemRes.2022.47.29. 

Qiu, D., Katanoda, K., Marugame, T., and Sobue, T. (2009). A Joinpoint regression analysis of 
long-term trends in cancer mortality in Japan (1958–2004). International Journal of Cancer 
124(2):443–448. doi:10.1002/ijc.23911. 

R Core Team (2022). R: A Language and Environment for Statistical Computing [electronic 
resource]. https://www.r-project.org/. 

Ryder, N.B. (1975). Notes on Stationary Populations. Population Index 41(1):3–28. 
doi:10.2307/2734140. 

Salinari, G. and De Santis, G. (2014). Comparing the Rate of Individual Senescence Across Time 
and Space. Population 69(2):165–190. doi:10.3917/popu.1402.0191. 

Sanderson, W.C. and Scherbov, S. (2005). Average remaining lifetimes can increase as human 
populations age. Nature 435(7043):811–813. doi:10.1038/nature03593. 

Sanderson, W.C. and Scherbov, S. (2019). Prospective Longevity: A New Vision of Population 
Aging. Harvard University Press. 

Scherbov, S. and Sanderson, W.C. (2020). New Approaches to the Conceptualization and 
Measurement of Age and Ageing. In: Mazzuco, S. and Keilman, N. (eds.). Developments in 
Demographic Forecasting. Cham: Springer International Publishing: 243–258. 
doi:10.1007/978-3-030-42472-5_12. 



Silverman, B.W. (1985). Some Aspects of the Spline Smoothing Approach to Non‐Parametric 
Regression Curve Fitting. Journal of the Royal Statistical Society: Series B 
(Methodological) 47(1):1–21. doi:10.1111/j.2517-6161.1985.tb01327.x. 

Strozza, C., Vigezzi, S., Callaway, J., Kashnitsky, I., Aleksandrovs, A., and Vaupel, J.W. (2022). 
Socioeconomic inequalities in survival to retirement age: a register-based analysis. . 
doi:10.31219/osf.io/8wbdv. 

Sullivan, D.F. (1971). A single index of mortality and morbidity. HSMHA Health Reports 86(4):347–
354. 

United Nations, D. of E. and S.A., Population Division (2017). World Population Ageing. 
van Raalte, A.A. and Caswell, H. (2013). Perturbation Analysis of Indices of Lifespan Variability. 

Demography:27. doi:10.1007/s13524-013-0223-3. 
Vaupel, J.W. (2010). Biodemography of human ageing. Nature 464(7288):536–542. 

doi:10.1038/nature08984. 
Vaupel, J.W., Villavicencio, F., and Bergeron-Boucher, M.-P. (2021). Demographic perspectives on 

the rise of longevity. Proceedings of the National Academy of Sciences 
118(9):e2019536118. doi:10.1073/pnas.2019536118. 

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

Wilson, L., Bhatnagar, P., and Townsend, N. (2017). Comparing trends in mortality from 
cardiovascular disease and cancer in the United Kingdom, 1983–2013: joinpoint regression 
analysis. Population Health Metrics 15(1):23. doi:10.1186/s12963-017-0141-5. 

Zheng, H. (2014). Aging in the Context of Cohort Evolution and Mortality Selection. Demography 
51(4):1295–1317. doi:10.1007/s13524-014-0306-9. 

Zuo, W., Jiang, S., Guo, Z., Feldman, M.W., and Tuljapurkar, S. (2018). Advancing front of old-age 
human survival. Proceedings of the National Academy of Sciences 115(44):11209–11214. 
doi:10.1073/pnas.1812337115. 

 


