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Determinants of unusual and differential longevity:
an introduction

Graziella Caselli and Marc Luy*

1 Introduction

The 2013 issue of the Vienna Yearbook of Population Research presents a series
of studies on the determinants of unusual and differential longevity. In the Western
world, life expectancy has increased continuously during the last 150 years, leading
some experts to speak of ‘broken limits to life expectancy’ (Oeppen and Vaupel
2002). We are witnessing a real revolution, made possible by major reductions in
mortality among elderly persons. Today, more than half the population in the Western
world survive until their 80th birthday. The number of people between 90 and 100
years is gradually increasing and the age at death is continuously pushed forward
to old and oldest-old ages (Wilmoth et al. 2000). Moreover, the number of those
dying after age 100 is growing at a higher rate of increase than that for preceding age
groups (Caselli et al. 2006a; Robine et al. 2006a, 2006b).

The unexpected deceleration of the increase in the force of mortality among the
oldest-old has called into question the well-known Gompertz’s Law (1825) of human
longevity, encouraging a wide-ranging debate on the reasons for the extension of
the human lifespan (Finch and Pike 1996). Biologists and geneticists who study the
mechanisms entailed and try to establish at what stage a person is old developed
numerous theories on ageing. According to Medvedev (1990), these can be grouped
in four main categories: programmed genetic ageing, age-associated changes, primary
damage and evolutionary theories. Some of these theories focus on ‘how we age’,
others on ‘why we age’ (Williams 1957; Kirkwood 1990; Kirkwood and Rose 1991;
Finch and Kirkwood 2000).

In the new millennium the number of centenarians has increased to such an extent
as to capture the interest of academics from various disciplines to search for the
causes of longevity. The first data on the possible determinants of extreme longevity
emerged from two major hypotheses, the first regarding a general conceptualisation of
the possible biological determinants of the ageing process, and the second originating
from studies on the immunological status of centenarians (Capri et al. 2008).The
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first hypothesis (Kirkwood and Franceschi 1992) is based on the fact that the ageing
process is indirectly controlled by a network of cellular and molecular defence
mechanisms, including antioxidant defence, heat shock proteins and DNA repair
mechanisms. The second hypothesis is based on the assumption that the ageing
of the immune system plays a central role in the ageing process (Franceschi et al.
1995). Many studies carried out on centenarians—pioneer studies of the genetic
approach to the longevity trait that started from a series of analyses (Pes et al. 2004;
Franceschi et al. 2005)—focused on apolipoproteins, a topic that was thoroughly
analysed subsequently, including studies on specific genes (such as the well-known
APOE). The extensive literature on the topic was presented in a recent work by Capri
et al. (2008).

In contrast to the bio-molecular studies, demographers are interested in ‘when we
die’. Demographic research is focusing primarily on the reasons why some people
die at age 60, others at 80 and a few at 100, and why the number of people dying at
older ages is increasing so rapidly (Caselli et al. 2006b). These research approaches
are important because the current bio-genetic theories of ‘how we age’ and ‘why we
age’ are too abstract and too general to provide deep insights into the age patterns of
mortality and changes in these patterns over time.

Demographers, with few if any theories, have focused on empirical changes
in mortality over age and time, considering the fact that the mortality curve is
intrinsically statistical. This can provide structural information about a population’s
extinction, even if none of the individual members behaves like the population as
a whole. An interesting fact is that a deceleration of the survival curve does not
imply that the speed of individual ageing changes with age. One explanation may
be that individuals in the same generation are vulnerable in different ways to death:
there are frailer individuals who age faster and die earlier; and there are more robust
individuals who age more slowly and live longer. Thus, the observed deceleration in
the force of mortality may be caused by a change in the composition of the population
when fewer and fewer frail individuals but more and more robust ones are still alive
at older ages (Vaupel et al. 1979). This holds even when the mortality age pattern of
both frail and robust individuals follows Gompertz’s Law.

Considering the effects of this observed or unobserved heterogeneity,
demographers have been speculating about the idea of an age limit for the human
lifespan. Some experts have suggested that there is no sign of convergence toward a
limit, demonstrating that the effect of selection may allow the strongest/healthiest
people who have reached retirement age to survive until 100, and some of them could
theoretically even reach the ages 115-117 (Barbi et al. 2003). That Jeanne Calment,
the most studied and most authenticated super-centenarian in the world, died at the
age of 122 and a half supports the hypothesis that there is no fixed limit to human
lifespan.

Historically, some bio-demographers referred to the shape of the survival curves
in studying the limit of human longevity (Pearl and Doering 1923; Deevey 1947).
The notion of ‘rectangularisation’ of the survival curve was introduced by Comfort
(1956, 1964) and later advanced by Fries (1980). The latter argued that the human
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survival curve tends to become rectangular because an upper boundary to human life
expectancy at 85 years is determined by fixed genetic limits (Fries 1980, 1984; see
also Hayflick 1981). The discussions about the links between the rectangularisation
of the survival curve and the limits to human life became more intensive in recent
years (Olshansky et al. 2001). Wilmoth and Horiuchi (1999) argued that the human
survival curve can never be perfectly rectangular in the sense of zero variability in
age at death, and Wilmoth (2001) as well as Oeppen and Vaupel (2002) argued that
the belief in life expectancy approaching a ceiling has been proven wrong. Note that
life expectancy of Japanese women today is about 87 years and their modal age at
death is higher than 90 years.

Today there is no general consensus about the definition of rectangularisation of
the survival curve and how to assess its future developments (Cheung et al. 2005).
Horiuchi (2003) followed up the suggestion of Kannisto (2001) and argued that the
modal age at death and the age distribution of death are probably the best indicators
for studying a population’s longevity. Indeed, the applications of this approach to the
most recent data from some developed countries provide some useful information
that may fuel the ongoing debate on the limits of human longevity, suggesting that
those countries experiencing an increase in the modal age at death may be moving
from a phase of ‘compression of mortality’ to a phase of ‘shifting mortality’.

The continuous improvements of survival conditions explain, at least partly, why
the last few decades have seen the notable increase in the number of centenarians,
in particular ‘super-centenarians’ (110+) and ‘semi-super-centenarians’ (105—-109)
(Robine and Caselli 2005). Some scholars are trying to monitor these individuals,
using various methodologies to count them and, above all, to confirm that the age
indicated is actually true. Age validation is still the most important prerequisite for
any study of centenarians (Perls et al. 1999; Allard and Robine 2000). Its absence is
likely to bias the calculation of centenarian rates and, consequently, any explanation
of this extreme longevity.

According to Perls et al. (2000), extreme longevity in a centenarian’s family history
supports the view of the inheritability of oldest-old longevity. This would imply an
increased homogeneity among the oldest-old in connection with shared genetic
factors (Vaupel et al. 1979; Vaupel et al. 1998). Indeed, recent findings indicate
that increased homozygosity at loci involved in human longevity occurs, suggesting
that two copies of the same allele may favour survival at later ages (Bonafé et al.
2003). This phenomenon is probably more frequent in consanguineous subjects—as
in Sardinia—assuming that such alleles are recessive. Thus, longevity is present in
many generations of the same families in spite of the great variations in life style and
life expectancy during the last century. Moreover, the most recent studies on twins
strongly support the view that genetic effects are important for survival at older ages,
and that genetic influences on lifespan are minimal prior to age 60 (Hjelmborg et al.
2006).

Nevertheless, not all familial effects among extremely long-lived individuals
are caused by genetic factors. Moreover, an exceptional number of persons in the
same family reaching extreme old ages does not necessarily imply that genetic
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factors are important for human longevity. Shared characteristics, such as life
style and the environment, might also be involved (Herskind et al. 1996; Caselli
et al. 2006b). Despite the extensive and increasing information on the relationships
between genetics and longevity, there is broad consensus that genetics can only
partially account for the phenomenon, probably not more than 25-30%. This has
been demonstrated in many studies (see Christensen et al. 2006; Salvioli et al.
2006), including investigations that find different impacts by genetic factors, for
instance with regard to gender and specific geographical territories. Human longevity
is extremely complex and strongly influenced by external factors (environmental,
cultural and economic conditions, stochastics etc.). It is still unknown to what extent
genetics contribute to the relationships between these factors and longevity. This lack
of knowledge motivates many bio-demographic studies analysing the non-genetic
determinants of longevity.

Demography can also help to provide deeper insights into the role that inheritability
might play in longevity, even in the absence of genetic information. This requires
specific data such as the reconstruction of family histories of the oldest-old from
distinct geographical areas (Caselli et al. 2006b). Genealogical data allow us also to
study the relationship between parental age at childbearing and the longevity of their
children. Some scholars hypothesise that there is an optimum age for procreation,
with positive effects on the longevity of the children (see Caselli et al., Jarry et al.
and Gavrilov and Gavrilova in this issue).

This 2013 issue of the Vienna Yearbook of Population Research tackles several
of these aspects of human longevity from the demographic perspective. Despite the
continuous rise of life expectancy there are still large differences between populations
and sub-populations. The reasons for these differences are still not fully understood.
The remaining knowledge gaps are primarily due to the highly complex network
of factors that are causing inequalities in length of life. Although many risk factors
for mortality have been identified (e.g. Cohen and Lee 1979; Cohen 1991; Cutler
et al. 2006), it is unclear how they are related and how these relationships vary
under different environments and life conditions. The existing knowledge about this
network of factors is like a big puzzle consisting of many differently-sized pieces, not
all of which have been discovered yet, and we are still far from putting them together
to an overall picture. This issue of the Vienna Yearbook of Population Research aims
at adding a good amount of new pieces to this puzzle and connecting them with
some others whose position inside the overall picture is not yet clear. The articles
are grouped into four sections: ‘methodological issues for studying longevity and
mortality’, ‘longevity islands’, ‘longevity and mortality of specific risk groups’ and
‘survival to old and oldest-old age: familial and socio-demographic determinants’.

2 Methodological issues for studying longevity and mortality

We have seen above that demographic research about the limits and determinants
of human longevity cannot be conducted without considering methodological



Graziella Caselli and Marc Luy 5

issues. Therefore, the first part of the present volume deals with several specific
methodological aspects. The first article by Elizabeth Wrigley-Field (Mortality
deceleration is not informative of unobserved heterogeneity in open groups) provides
an in-depth exploration of the dynamics of mortality deceleration in the context of
population sub-groups that are determined by their health status and can be entered
as well as exited. For this purpose the author develops a theoretically simple dynamic
frailty model in order to highlight the complexity in deceleration patterns resulting
from movement between groups. She shows that the order of deceleration between
the healthy and the not-healthy sub-populations is almost unpredictable in a dynamic
context.

Shiro Horiuchi and colleagues (Modal age at death: lifespan indicator in the era of
longevity extension) provide an extensive summary of their long research activity on
the characteristics of the modal age at death (M) as an indicator of human longevity.
Their paper includes demonstrations with empirical data as well as derivations of
statistical properties. The overview is complemented by analysing sex differences
and country differences in mortality on the basis of M. Last but not least, the authors
demonstrate how to estimate M from empirical data and they provide a new R routine
to implement this estimation procedure.

The third methodological contribution by Jon Anson (Surviving to be oldest-old—
destiny or chance?) shows that the probability of reaching old age seems unrelated
to the survival conditions in younger ages. Moreover, the author shows by means of
simulations that the emergence of extraordinary high centenarian rates in specific
populations could occur by chance rather than being the consequence of causal
mechanisms related to longevity. The author concludes that—in order to broaden our
knowledge about the keys of extreme longevity—a conceptual framework is needed
that identifies the conditions which are conducive to both extraordinary long and
short lives.

3 Longevity islands

A promising strategy in mortality research is the identification of populations with
exceptional longevity, as it is interesting to study the reasons for their low mortality
levels. Some studies try to determine geographical areas where an exceptional
proportion of people reach highest ages, which are called ‘longevity islands’,
‘hot spots’ or ‘Blue Zones’ (BZ). The second section of the Vienna Yearbook
of Population Research 2013 focuses on such areas of unusual longevity. In the
first article, Michel Poulain and colleagues (The Blue Zones: areas of exceptional
longevity around the world) describe the BZ concept and discuss different indexes to
measure exceptional longevity. They summarise existing validations of four specific
BZ: Ogliastra in Sardinia, Okinawa in Japan, the Nicoya peninsula in Costa Rica
and the island of Ikaria in Greece. The authors provide some new evidence for
defining these areas as BZ and they perform a comparative examination of specific
characteristics in order to find commonalities. At the end, Poulain et al. come to the



6 Determinants of unusual and differential longevity: an introduction

conclusion that the extreme longevity of these BZ populations might be the result of
a balance between the benefits of the traditional lifestyles and those of modernity.

Luis Rosero-Bixby and colleagues (The Nicoya region of Costa Rica: a high
longevity island for elderly males) provide further evidence that Nicoya is in fact
a BZ, though only for men. The paper extends existing knowledge by quantifying
the longevity advantage of Nicoyan males and by investigating biomarkers, diet
consumption patterns and other health indicators as possible explanations. The study
indicates that the exceptional longevity of Nicoyan men is caused primarily by their
low cardiovascular mortality, and the authors offer several possible explanations for
this specific survival advantage.

Sebastian Kliisener and Rembrandt D. Scholz (Regional hot spots of exceptional
longevity in Germany) present for the first time a study on longevity islands in
Germany. Moreover, this is the first study that looks at the distances between place
of birth and place at death of long-lived individuals (semi-supercentenarians). The
authors identify some German longevity islands, including Berlin and some areas in
north-western Germany as well as Munich. The authors find that these hot spots are
(almost) identical for place of birth and place at death. The dominance of northern
Germany is surprising since nowadays the regions of southern Germany show the
highest life expectancy levels. The authors hypothesise that early- and late-life
contextual conditions are the main explanations for the emergence of these BZ and
consider also the possibility of genetic influences.

4 Longevity and mortality of specific risk groups

A circumstance that hampers advances in mortality research is the fact that single
risk factors for mortality cannot be studied in isolation because they typically
affect humans and their living conditions simultaneously. For instance, it is
almost impossible to estimate how much of the differences in life expectancy by
education is indeed a consequence of duration, intensity and specialisation of the
acquired knowledge, i.e. of the factual effect of education. Usually, people with
different education levels differ also in other socio-economic characteristics, such
as occupation, income and lifestyle. An isolated examination of these factors would
require laboratory experiments, which cannot be done with humans for obvious
reasons. This is why mortality researchers are looking for specific sub-populations in
which some risk factors are not existent or which are characterised by a specific risk
factor. Another research strategy is the investigation of specific mortality paradoxes
with the aim to better understand the linkage between specific risk factors. The third
section of the present volume contains examples for all of these approaches.
Richard G. Rogers and colleagues (Lifetime abstainers and mortality risk in the
United States) investigate the variability in mortality among non-drinkers, separated
by their motivation to abstain from alcohol. They find that the risk of dying is low
for light drinkers and for those non-drinkers who abstain from drinking for religious
and moral reasons, have a responsibility to their family, were brought up not to drink
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and are not social. On the other side, mortality is higher among former, infrequent
and moderate drinkers as well as some other groups of abstainers. Thus, the authors
challenge the common picture of the J-shape relation between alcohol consumption
and mortality and offer some explanations for this new perspective.

The study of Maria Winkler-Dworak and Heiner Kaden (The longevity of
academicians: evidence from the Saxonian Academy of Sciences and Humanities in
Leipzig) focuses on an interesting vanguard group in the achievement of longevity:
the members of a learned society, here in particular the Saxonian Academy of
Sciences and Humanities in Leipzig. They find that Saxonian academicians show a
higher life expectancy than the total German male population and that the gap has
widened since the 1950s. The results for the Saxonian academicians are similar to
those of various other European learned societies. The authors conclude therefore
that the survival of academicians is less determined by national mortality conditions
but that they rather share a common health advantage that operates independently of
economic conditions and societal environments.

Morgan E. Levine and Eileen M. Crimmins (Evidence of resiliency among long-
lived smokers) investigate the population subgroup of smokers aged 80 and older
with a special focus on the effect of innate frailty. They find that smoking did not
significantly contribute to the risk of mortality among individuals aged 80 and over,
compared to smokers below age 80 who had higher mortality than non-smokers.
Hence, long-lived smokers present an interesting paradox. They appear to present a
distinct and biologically advantaged group, who are less susceptible to the negative
effects of smoking and perhaps other environmental insults. Thus, the results of
this study point at the practical importance of selection effects when differences in
mortality are studied.

The study of Ethan J. Sharygin and Michel Guillot (Ethnicity, russification
and excess mortality in Kazakhstan) investigates mortality differences between
Russians and Kazakhs in Kazakhstan with the particular aim to test the ‘Russian
mortality paradox’, that is that Russians in Central Asian countries are wealthier and
better educated than the indigenous population but show worse health and higher
mortality. The authors compare their results to those of a similar study for Kyrgyzstan,
hypothesising that the ethnic differences are smaller in Kazakhstan and that overall
adult mortality in Kazakhstan should lie between the levels apparent in Russia and
Kyrgyzstan. The hypotheses are confirmed and the authors conclude that these results
suggest the existence of a continuum between ‘non-Russian’ and ‘Russian’ mortality
patterns, predominantly related to the extent of alcohol consumption.

5 Survival to old and oldest-old age: familial and
socio-demographic determinants

The final section of the Vienna Yearbook of Population Research 2013 includes
papers about the determinants of survival to old and oldest-old ages. The special
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focus of these articles is the extent to which extreme longevity is inherited or due to
specific contextual and socio-demographic factors. Since Kirkwood and Rose (1991)
suggested the existence of a trade-off between longevity and fertility, the relationship
between these two phenomena has been tackled in various articles. The main results
showed that women who live longer seem, on average, to have had fewer children
and given birth to them at an apparently older age, particularly regarding their last
children. Reviews of the existing literature can be found in the articles of this section.

The first paper by Graziella Caselli and colleagues (Exploring Sardinian longevity:
women fertility and parental transmission of longevity) refers to the sample of
the Sardinian centenarian study. The aims of this article are to analyse the two-
way association between women fertility and longevity, and parental transmission
of longevity. For the association between longevity and fertility, the authors find
evidence that long-lived individuals benefit from factors related to the timing of
fertility. Parental transmission of longevity seems to be significant for women, but
not for men. The authors find further that a higher birth order decreases the probability
of becoming a centenarian. Finally, they find a negative effect of a higher father age
at birth on the longevity of female offspring. The authors conclude that long-lived
women seem to have been favoured both by their late fertility and young paternal
age at the moment of their own procreation.

The paper of Valérie Jarry et al. (Maternal age, birth order and other early life
factors: a family-level approach to exploring exceptional survival) investigates very
specific factors of early-life conditions and their effects on extreme longevity in
Quebec. The core questions are why siblings are different from one another in terms
of achieving exceptional longevity and if differences in parental age, birth order
and other unshared variables could be associated with reaching old age. The most
important findings are that having a younger mother is associated with a higher
probability to become centenarian and that third and fourth-born individuals show a
significant survival advantage. The authors conclude that the biological advantage of
having a young mother is likely to be masked by a social disadvantage.

The paper of Leonid Gavrilov and Natalia Gavrilova (Determinants of exceptional
human longevity: new ideas and findings) summarises the results of the authors’
previous studies on centenarians, using several different approaches for specifying
control groups of centenarians. In these studies, the authors identified several
mechanisms that increase the probability to become a centenarian, including region of
childhood residence, household property, genetics (parents’ and siblings’ longevity),
lifestyles, maternal age at birth and month of birth. The authors suggest that studies
on centenarians might prove to be a ‘gold mine’ in the search for the secrets of human
longevity.

The last paper of Luisa Salaris and colleagues (Familial transmission of human
longevity: a population-based study in an inland village of Sardinia (Italy), 1850—
2010) is based on data collected by the authors on the population of a specific village
in Sardinia for more than 150 years to examine the relationship between individuals’
survival with that of their parents and siblings. They restrict the analysis to ages 50+
to exclude infant and child mortality as well as externally caused deaths (accidents
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etc.). The authors find effects of familial transmission of longevity, above all along
the mother—daughter line and even more important between siblings, here especially
for men.

In sum, the papers presented in this volume are very heterogeneous and they
provide many new insights into the mechanisms behind extreme and unusual
longevity. However, it is important to note that a very different issue than the length
of human life is its quality in terms of health and well-being. Passing nowadays the
threshold of 80 or 90 years opens up new horizons for remaining life expectancy.
But if one’s greatest desire is to live as long as possible, the aspiration is always to
spend the additional life years in good health. The progress made in recent years in
the fight against disease has been remarkable, and there is reasonable hope that even
more effective treatments will become available in the near future. However, these
aspects exceed the scope of the 2013 issue of the Vienna Yearbook of Population
Research. A follow-up volume is planned that extends the presented findings about
the quantity of human life by its qualitative characteristics, focusing on the analysis
of trends and determinants of healthy life expectancy.
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