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ABSTRACT: Biodemography of human longevity is an emerging interdisciplinary field of sociobio-
logical research with deep historical roots. Two research questions are examined in this article:
(1) What evidence is there for the familial transmission of human longevity?, and (2) what are
the effects of parental age at reproduction on offspring longevity, and in particular, are there
long-term adverse health consequences associated with the trend toward delayed reproduction?
The ability of scientists to conduct biodemographic studies depends not only on merging theoret-
ical and methodological elements from the biological and demographic/actuarial sciences, but
unique sources of data and statistical methods must also be developed. In this article we describe
how genealogical data have been used for over a century to explore basic questions about human
longevity, and how similar kinds of data now being developed are driving the formation of new

testable research hypotheses in the field of biodemography.

INTRODUCTION

The biodemography of aging is an
emerging interdisciplinary field of re-
search (Carmes and Olshansky, 1993;
Wachter and Finch, 1997; Gavrilov and
Gavrilova, 2001a) with deep historical
roots (reviewed in Olshansky and Carnes,
1997, Olshansky, 1998). The ability of
scientists to conduct research in this field
depends not only on merging theoretical
and methodological elements from the bi-
ological and demographic/actuarial sci-
ences, but unique sources of data and sta-
tistical methods must also be developed.
In this article we describe how genealogi-
cal data have been used for over a century
to explore basic questions about human
longevity, and how similar kinds of data
now being developed are driving the for-
mation of new testable research hypothe-
ses in the field of biodemography. Two of
the many research questions that follow
from developments in this field will be
examined in this paper: (1) What evi-

dence is there for the familial transmis-
sion of human longevity?, and (2) what
are the effects of parental age at repro-
duction on offspring longevity, and in
particular, are there long-term adverse
health consequences associated with the
trend toward delayed reproduction?

FAMILIAL TRANSMISSION
OF HUMAN LONGEVITY

The last year of the twentieth century
marked the 100th anniversary of the first
systematic studies on the familial deter-
minants of human longevity. In 1899 the
founder of biometrics, Karl Pearson
(1857-1936) and his student, Mary Bee-
ton, analyzed the correlation of parent/
child ages at death based on English ge-
nealogies (using data from the English
peerage and landed gentry) dating back to
the seventh century (Beeton and Pearson, -
1899). Owing to limitations of their data,
Beeton and Pearson examined only adult
males age 20 and over. Their second
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study was based on more extensive pedi-
gree records of the members of the
English Society of Friends and of the
Friends’ Provident Association—both of
which included data about males and fe-
males of all ages (Beeton and Pearson,
1901). Using such data, Beeton and Pear-
son (1901) measured the correlation for
ages at death not only for parent/child
pairs, but also among siblings. As a result
of their studies, these authors concluded
that expectation of life is heavily influ-
enced by the ages of death of one’s rela-
tives (Beeton and Pearson, 1901, p. 77).
The familial transmission of human
longevity was also examined by the in-
ventor of the telephone, Alexander Gra-
ham Bell (1918), using genealogical data
on about 3,000 members of the Hyde
family in New England. More extensive
studies on the topic were subsequently
conducted by Raymond Pearl (Pearl,
1931; Pearl and Dewitt, 1934; Pearl and
Pearl, 1934). Raymond Pearl discovered
in what is now the famous Baltimore
Longevity Study that the ancestors of
long-living persons (nonagenarians) had
a substantially longer life span compared
to a control population. Following these
initial studies on the familial transmission
of human longevity early in the twentieth
century, a number of other scientists have
addressed the same issue (Wilson and
Doering, 1926; Holmes, 1928; Yuan,
1931; Preas, 1945; Dublin et al., 1949;
Jalavisto, 1951; Cohen, 1964; Hawkins et
al., 1965; Abbott et al., 1974, 1978; Mur-
phy, 1978; Philippe, 1977, 1978, 1980;
Welter, 1978; Wyshak, 1978; Crawford
and Rogers, 1982; Swedlund et al., 1983;
Vandenbroucke et al., 1984; Desjardins
and Charbonneau, 1990; Bocquet-Appel
and Jakobi, 1990, 1991; Brand et al.,
1992; Mayer, 1991; Robine and Allard,
1997; Tallis and Leppard, 1997; Kor-
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pelainen, 1999; Cournil et al., 2000; Gud-
mundsson et al, 2000; Kerber et al.,
2001; Mitchell et al.,, 2001; Matthijs et
al., 2002).

In addition to these traditional studies
on familial longevity, others have ex-
plored the genetic and cultural contribu-,
tions to inter-individual variation in hu-
man life span by evaluating the relative
longevity of twins (Kallman and Sander,
1948, 1949; Kallman, 1957; Jarvik et al.,
1960; Harvald and Hauge, 1965; Wyshak,
1978; Hrubec and Neel, 1981; Carmelli
and Andersen, 1981; Carmelli, 1982;
Hrubec et al., 1984; Hayakawa et al,
1992; McGue et al.,, 1993; Herskind et
al., 1996; Yashin and Iachine, 1997,
Ljungquist et al., 1998). A principal find-
ing of this body of research was that the
resemblance in life span among geneti-
cally identical (monozygotic) twins is
higher compared to that of fraternal (dizy-
gotic) twins, indicating the importance of
genetic factors in the determination of hu-
man life span (McGue et al., 1993; Hers-
kind et al., 1996). More recent studies on
the longevity of adopted children have
reinforced the importance of biological
parents in predicting the longevity of off-
spring (Sorensen et al., 1988; Sorensen,
1991; Nielsen et al., 1992).

In spite of a century of research on fa-
milial longevity, there is still no consen-
sus among scientists on many of the
fundamental issues regarding familial
longevity. For example, the role of genet-
ics in familial longevity resemblance was
challenged by some authors (Murphy,
1978; Philippe, 1978; Jacquard, 1982)
who not only found that the familial re-
semblance is weak, but also emphasized
the importance of social explanations.
The mode of longevity inheritance in hu-
mans is also not yet determined (Carnes
et al., 1999). For example, are the genes
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associated with longevity dominant, re-
cessive, or additive in their action? Are
such genes autosomal or sex-linked?
What is the relative importance of the
maternal versus paternal longevity influ-
ence on offspring life span? Some studies
suggest that human longevity is inherited
more strongly along the maternal line
(Pearl, 1931, Jalavisto, 1951; Abbot et al.,
1978; Brand et al., 1992; Korpelainen,
1999), which is consistent with theories
of aging based on the inheritance of mito-
chondrial DNA through the cytoplasm
of maternal ova cells (e.g., Sont and
Vandenbroucke, 1993; Wallace et al.,
1995; Tanaka et al, 1998; Vanden-
broucke, 1998). However, other studies
suggest that there is a predominance of
paternal longevity influence on offspring
life span (Bell. 1918; Cohen, 1964;
Philippe, 1978; Welter, 1978; Bocquet-
Appel and Jakobi, 1990).

More recent studies suggest that it
may be reasonable to revise some of the
underlying assumptions behind existing
controversies about maternal versus pa-
ternal inheritance, and to develop more
refined methods of familial analysis of
human longevity (e.g., see Gavrilov and
Gavrilova, 1991). In particular, one
testable hypothesis that can now be eval-
uated empirically with the use of ge-
nealogical data (listed in Gavrilova and
Gavrilov, 1999) is the question of
whether there is a linear relationship be-
tween offspring and parental life span
(i.e., the observed ages at death of off-
spring are shown to rise in equal measure
to the observed ages at death of their par-
ents), as opposed to an accelerating rela-
tionship as suggested by Gavrilova et al.
(1998). The assumption of linear depen-
dence between offspring and parental
traits is fundamental in quantitative ge-
netics because both the theory of quanti-
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tative genetics and its applications are
based on this assumption (Falconer, 1989;
Falconer and Mackay, 1996). Moreover,
the assumption of linearity is one of the
foundations for Path analysis used in
studies of the mechanisms of familial
transmission of quantitative traits (Neale
and Cardon, 1989, p. 91).!

The methods of correlation and linear
regression analyses are also based on the
assumption of linearity and were used in
previous familial studies of longevity
(Holmes, 1928; Yuan, 1931; Dublin et al.,
1949; Jalavisto, 1951; Hawkins et al.,
1965; Abbott et al., 1973; Murphy, 1978;
Cohen, 1964; Philippe, 1977, 1978; Wel-
ter, 1978; Wyshak, 1978; Desjardins and
Charbonneau, 1990; Bocquet-Appel and
Jakobi, 1990, 1991).

What are the alternatives to the linear-
ity assumption and why are they relevant
to studies of longevity inheritance? With
large amounts of genealogical data it is
possible to test the linearity assumption
against alternative trajectories. The rela-
tionship between offspring and parental
longevity may instead be based on a de-
celerating function—with a decreasing
slope that may even level off (in the case
of an early selection out of the parents
who die prematurely, for either genetic or
non-biological reasons). Thus, the popu-
lation of longer-lived parents may become
more homogeneous because of selection.

An alternative prediction is that depen-
dence should be accelerating (more steep
for the offspring of longer-lived parents)
—a hypothesis derived from the evolu-

'The methods of path analysis (also known as the
structural equation models) and their applications in
quantitative genetics are reviewed comprehensively in
Neale and Cardon, 1989, and Lynch and Walsh. 1998,
and, therefore, will not be discussed in this article fo-
cused on another topic (the importance of genealogical
data for biodemographic studies).
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tionary theory of aging and the mutation
accumulation hypothesis in particular
(e.g., for a summary see Gavrilova et al.,
1998). According to the evolutionary the-
ory of aging, the equilibrium gene fre-
quency for deleterious mutations should
increase with age-at-onset of mutation
action because of weaker (postponed) se-
lection against later-acting mutations
(Medawar, 1952; Finch, 1990; Rose, 1991;
Partridge and Barton, 1993; Charlesworth,
1994). In accordance with this mutation
accumulation hypothesis, one would ex-
pect the observed (e.g., expressed) genetic
variability in survival (additive genetic
variance) to increase with age (Partridge
and Barton, 1993; Charlesworth, 1994).2
In general, both the additive genetic
component of variance and the dominant
component are expected to increase with
age under the mutation accumulation hy-
pothesis because in the case of traits af-
fected by rare deleterious alleles, both
components increase with increasing mu-
tant allele frequency (Charlesworth, 1987;
Falconer, 1989; Hughes and Charles-
worth, 1994). As such, the ratio of addi-
tive genetic variance to the observed phe-
notypic variance (i.e., the heritability of
longevity) may be estimated most reliably
as the doubled slope of the regression line
for offspring life span on parental age at
death. Therefore, if longevity is indeed
determined by late-acting deleterious mu-
tations, one testable hypothesis is that this
slope will become steeper for longer-
lived parents (at higher parental ages at

*It may be difficult to observe directly this theoreti-
cally predicted age-related increase in population het-
erogeneity for survival probabilities. Direct testing of
this theory would require identification of reliable bio-
markers for individual survival probabilities (individual
frailty predictors). Fortunately, it is also possible to test
a related prediction of this theory regarding heritability
of life span, as discussed later.
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death) (Gavrilova et al., 1998; Gavrilova
and Gavrilov, 2001). It is this kind of
unusual hypothesis that can be tested
using data from genealogical resources
(Gavrilova and Gavrilov, 1999).

Thus, biodemographic studies of the
familial transmission of human longevity
can be summarized in the form of three
research directions and corresponding hy-
potheses that are amenable to evaluation
using genealogical resources:

(1) What is the trajectory of the depen-
dence of offspring longevity on parental
longevity—is it linear (standard assump-
tion in quantitative genetics), decelerating
(expected in the case of early selection
out of shorter-lived parents), or accelerat-
ing (predicted by the evolutionary theory
of aging and by the mutation accumula-
tion hypothesis in particular)?

(2) Is the familial transmission of
longevity stronger for children born to
younger (as compared with older) par-
ents, as would be expected both for ge-
netic reasons (higher genetic diversity of
younger parents) and for cultural reasons
(higher overlapping between parental and
offspring life cycles)?

(3) What is the relative importance of
paternal versus maternal longevity on the
observed longevity of sons and daughters?

BIODEMOGRAPHIC STUDIES OF
PARENTAL REPRODUCTIVE AGE
EFFECTS ON OFFSPRING
LONGEVITY

Delayed childbearing has become in-
creasingly common in modern societies
because of demographic changes (popu-
lation aging), medical progress (e.g., in
vitro fertilization (IVF) of older women),
and personal choice. For example, in
the United States the number of births
to older mothers (35-39 years and 40+
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years) has more than doubled since 1980
while the number of births to younger
mothers (below age 30) has not increased
(U.S. Bureau of the Census, 1997).

Birth rates for older fathers (ages 45—
49 and 50-54) are also increasing (U.S.
Monthly Vital Statistics Report, 1997),
and this trend may even accelerate in the
future due to medical progress (Viagra,
for example). Will the health and longevity
of children born to older parents be ad-
versely influenced by parental age at con-
ception? While the detrimental effects of
late reproduction on infant mortality and
genetic diseases have been well docu-
mented (see below), little is known about
the long-term health consequences for
offspring born to parents who conceive
later in the reproductive window.

According to existing evidence, de-
layed parental age at conception has many
detrimental influences on the longevity of
offspring (for a detailed review of this
topic see Gavrilov and Gavrilova, 1997a).
The major maternal age-related changes
in humans are increases in fetal aneu-
ploidy later in reproductive life such as
Down’s syndrome (trisomy 21), Klinefel-
ter’s syndrome (XXY), Edward’s syn-
drome (trisomy 18), and Patau’s syn-
drome (trisomy 13). Advanced maternal
age also remains an important indepen-
dent risk factor for fetal death.

The detrimental effect of late paternal
reproduction is also well known: ad-
vanced paternal age has been associated
with an increase in new dominant muta-
tions in offspring that result in congenital
anomalies (see Gavrilov and Gavrilova,
1997a, for review). In particular, paternal
age is responsible for new dominant
autosomic mutations that cause different
malformations, including achondroplasia,
Apert syndrome, Marfan syndrome, os-
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teogenesis imperfecta, and other inherited
diseases (Vogel and Motulsky, 1997,
Gavrilov and Gavrilova, 1997a). Older
paternal age was more COmmon among
patients with Costello syndrome, chon-
drodysplasia punctata, fibrodysplasia os-
sificans progressiva, and thanatophoric
displasia (Vogel and Motulsky, 1997;
Gavrnilov and Gavrilova, 1997a). Advanced
paternal age at reproduction is also as-
sociated with an increased risk of preau-
ricular cyst, nasal aplasia, cleft palate, hy-
drocephalus, pulmonic stenosis, urethral
stenosis, and hemangioma (see review by
Gavrilov and Gavrilova, 1997a).

There is, however, one very important
question that has yet to be addressed:
does parental age at conception influence
the longevity of the vast majority of the
population of “healthy people,” who do
not suffer from aneuploidy and other ob-
vious genetic conditions that tend to ap-
pear relatively infrequently early in life?
In other words, are aging-related diseases
expressed late in life associated with pa-
ternal and maternal age at conception or
birth? It is possible to address this ques-
tion by examining the life expectancy of
adults (say, at ages 30 and older) as a
function of parental age at reproduction.
By adult age a substantial portion of the
subpopulation suffering from lethal ge-
netic disorders has already died. The in-
formation on potential life-shortening ef-
fects of late parental reproduction on
adult offspring is notable because it ad-
dresses a possibly important gap in
knowledge about the mechanisms of hu-
man longevity, the aging process itself,
and the possible role of accumulated ge-
netic damage in the germ line on aging
and longevity.

The first mention in the historical
literature suggesting a possible life-
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shortening effect on offspring of delayed
parenting was made by the French natu-
ralist Buffon (1826), who noted that
when older men procreate “they often en-
gender monsters, deformed children, still
more defective than their father” (see
Robine and Allard, 1997). In 1950, Eva
Jalavisto analyzed 12,786 published fam-
ily records of the Finnish and Swedish
middle class and nobility for those born
between 1500 and 1829. Unfortunately,
in this interesting study the secular
changes in human life span during this
long historical period were not taken into
account (failure to control for secular
trends can produce biases and artifacts).
Also, Jalavisto (1950) did not attempt to
control for the possible effects of other
confounding factors (e.g., parental life
span). The author concluded that off-
spring born to older mothers live signifi-
cantly shorter lives, while the age of the
father is of no importance. This observa-
tion is now amenable to verification using
our developing database and related ge-
nealogical data resources (Gavrilova and
Gavrilov, 1999), and by controlling for
the effects of other confounding factors
and historical changes in the life ex-
pectancy of birth cohorts.

In 1980, Pierre Philippe studied five
birth cohorts (1800-29, 1830-49, 1850-
69, 1870-79, 1880-99) from a small rural
population of Isle-aux-Coudres, Quebec,
Canada. Multiple discriminant analysis
was used to study the effects of familial
characteristics (such as parental consan-
guinity, maternal and paternal age at time
of childbirth, birth order, time interval
since the previous birth, months of birth,
viability of the preceding infant, etc.) on
offspring age at death. Surprisingly, pos-
sibly the most evident and important pre-
dictors of offspring longevity (paternal
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and maternal life spans) were not in-
cluded in the analysis for unknown rea-
sons. Also, the authors noted that “taking
into consideration the possibility of dif-
ferential emigration” from this small rural
area (Isle-aux-Coudres), the results of
their analysis “must certainly be regarded
cautiously” (Philippe, 1980, p. 215). In-
deed, in many cases the results of this
analysis were not statistically significant,
perhaps because of the small size of the
birth cohorts (105-298 cases only in each
cohort), and also because of possible
overloading of the analysis by too many
variables (up to 26 binary variables were
included). In spite of these problems, the
authors of this study made an intriguing
observation that increased maternal age at
time of childbirth (35 years and above) is
the main factor common to both early
(0-5 years) and late (70 years and above)
death (Philippe, 1980). By contrast, in-
creased father’s age was uncommon for
long-lived offspring (Philippe, 1980).
These important observations can be
re-evaluated by using larger sample sizes
and controlling for parental longevity.
Control for parental longevity is impor-
tant, because it has been demonstrated
that among long-lived women the propor-
tion of those able to become mothers af-
ter 40 years is four times higher com-
pared to women who stop childbearing at
younger ages (Perls et al., 1997). Thus,
increased offspring longevity might not
be due to the older age of mother at child-
birth per se, but due to higher longevity
of such late-reproducing mothers and the
inheritance of longevity-related traits by
their offspring. This hypothesis could
also be explored in future studies.
Biodemographic studies of parental
age effects on offspring longevity can be
summarized in the form of four research
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objectives driven by corresponding hy-
potheses (see below):

(1) Do persons born to older fathers
live shorter lives (as predicted by the hy-
pothesis of age-related accumulation of
spontaneous mutations in paternal germ
cells)?—a research question that can be
tested more appropriately using a larger
sample size (Gavrilov and Gavrilova,
1997a, 1997b, 2000; Gavrilov et al.,
1997), and do only daughters born to
older fathers have a shorter life ex-
pectancy relative to daughters bomn to
younger fathers (consistent with hypothe-
sis of the critical importance of mutation
load on paternal X chromosome inherited
by daughters only)?

(2) What is the effect, if any, of
mother’s age at conception on offspring
longevity in relation to the hypothesis
that there is an age-related accumulation
of oxidative damage to mitochondrial
DNA in maternal ova cells?

(3) It would be interesting to examine
the prediction of the X-chromosome hy-
pothesis that there should be a specific
life-shortening effect among grandchil-
dren (grandsons in particular) if their
mother was born to an older grandfather.
Preliminary studies have demonstrated
the sex-specific decrease of daughters’
longevity when born to older fathers—a
finding consistent with the mutation load
hypothesis and the critical role of the
X-chromosome transmitted from father
to daughter only (Gavrilov and Gavrilova,
1997a, 1997b, 2000). This X-chromosome
hypothesis provides a specific prediction
that we propose to test in future studies.
Since the grandfather’s X-chromosome is
inherited through the mother’s side only,
one might expect a specific effect of the
reproductive age of the maternal grandfa-
ther. Specifically, this hypothesis predicts
that grandchildren (grandsons in particu-
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lar) should live shorter lives if their
mother was born to an older grandfather.

(4) The parental support hypothesis is
that among the offspring of longer-lived
parents, the parental age effects will be
less expressed. According to this hypoth-
esis, children bom to older parents may
live shorter lives because they lose their
parents too early, in the formative years
of their lives.

GENEALOGICAL DATA AND
THEIR USE IN BIODEMOGRAPHIC
STUDIES

There are some genealogical data sets
already in use in biodemographic studies,
some of which have already been men-
tioned. We are in the process of creating a
comprehensive computerized genealogi-
cal database for biodemographic studies
based on the NIH/NIA-sponsored review -
of the feasibility of this kind of research
(Gavrilov and Gavrilova, 1998). Several
factors support the continued develop-
ment of this source of data. There are twa
mutually exclusive constraints on data
sources that should be taken into account
in biodemographic studies: On the one
hand, in order to have complete data on
parental life span (for heritability studies
or for their use as control variables), it is
necessary to go back in history for about
a century in order to have extinct parental
birth cohorts. On the other hand, the
historical genealogical databases are
often criticized because the genealogical
longevity data collected in the pre-
antibiotic era and particularly in the
pre—public health era are often considered
to be irrelevant to current low-mortality
populations (Cohen, 1964; Smith, 1993).
This is thought to be the case because liv-
ing conditions were quite different in the
past. For example, there used to be ex-
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tremely high mortality from infectious
diseases (tuberculosis and pneumonia, in
particular), under-nutrition and some-
times even starvation were common (sce
Carnes et al., 1996; Fogel and Costa,
1997), the poverty rate was high and poor
sanitary conditions prevailed, and high
seasonal mortality was common (espe-
cially in winter).

There is, however, one fortunate ex-
ception that perfectly fits the purpose of
biodemographic studies—socially elite
aristocratic families, which are reason-
ably homogeneous and in which social
deprivation has not interfered unduly
with the chances of survival. Based on pi-
lot studies already conducted using data
of this sort (Gavrilova et al., 1998), it has
been determined that the modal age at
death for parents in these socially elite
families in the nineteenth century is re-
markably high (70-75 years for fathers
and 75-80 years for mothers)—which is
comparable with that of modern low-
mortality populations.

... Another important advantage of this
kind of data is their high reliability, accu-
racy, and completeness, since data for
aristocratic families were recorded in
great detail for many centuries. More-
over, these data are widely published by
numerous independent publishers, thus
creating a unique opportunity to cross-
check the information with other data
sources to ensure the highest possible
data quality and completeness (see
Gavrilov and Gavrilova, 1998; Gavrilova
and Gavrilov, 1999).

One unique feature of this data set is
that it contains a significant sample of
males who achieved fatherhood later in
life—a product of the fact that older
kings and princes often married much
younger women. For example, Queen
Victoria of England, who passed the he-
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mophilic gene to further royal genera-
tions, was born to an older father (Duke
of Kent, 52 years), and received the he-
mophilic gene most probably as a result
of paternal sperm mutation (Strickberger,
1976). Such cases of late fatherhood
provide a unique opportunity to help
discriminate between paternal and mater-
nal age effects on offspring health and
longevity later in life.

Since this privileged social group lived
in rather favorable conditions for many
centuries, one could expect less influence
of adverse social factors (poverty, for ex-
ample) on life span and hence reduced
environmental variation in longevity
caused by these factors. This kind of data
allows the researchers to minimize the
social heterogeneity of the population un-
der study and to limit socioeconomic di-
versity, compared to other data sets where
a mixture of families with different social
status is analyzed. Thus, although this
data set does not represent the whole hu-
man population (as laboratory animals do
not represent species in the wild), it is
an ideal source of data to test biodemo-
graphic hypotheses about the familial
transmission of human longevity because
the effects of population heterogeneity
are minimized with regard to social status
(which can also be controlled for by indi-
cator socioeconomic variables such as
nobility rank and the life span of spouses
who share the same familial environ-
ment). This is particularly important for
testing biological theories of aging using
data on humans.

While discussing the generalizability
concerns, it is also important to under-
stand the difference between the analyti-
cal and the descriptive studies (Levy and
Lemeshow, 1999). Analytical studies that
intend to test specific hypotheses (for
example, biodemographic hypotheses
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described in this article) are less depen-
dent on data representativeness than the
descriptive studies, which intend to de-
scribe “a whole population™ (Levy and
Lemeshow, 1999).

Also, all the cases of familial inbreed-
ing (consanguinity) are well documented
for noble families, so the data can be used
to study the effects of consanguinity, too
(Gavrilov and Gavrilova, 2001b). It is in-
teresting to note that in one study of in-
bred families there was no significant ef-
fect of inbreeding on survival curves and
heritability of human longevity (Mayer,
1991). Mayer (p. 56) concluded that his
study “indicates negligible ‘inbreeding
depression’ with respect to longevity.”

Recently, arguments in favor of histor-
ical genealogical databases for aristo-
cratic families have received increasing
recognition in the scientific community.
In particular, Nature has published an ar-
ticle based on biodemographic analysis of
the life span and fertility data for British
aristocratic families (Westendorp and
Kirkwood, 1998). Specific reference was
made in the Westendorp and Kirkwood
paper (1998, p. 746) to our identification
of the database used in the study. (For
further discussion of this Narure article,
see Gavrilov and Gavrilova, 1999a, 2002;
Gavrilova and Gavrilov, 1999.) By now,
we, in collaboration with Russian col-
leagues (Victoria Semyonova, Ph.D., and
Galina Evdokushkina, M.Sc.), have com-
puterized more than 15,000 complete ge-
nealogical records (“European Aristo-
cratic Families” database for 1800—1880
birth cohorts) that are already being used
in biodemographic studies (Gavrilov and
Gavrilova, 1997a, 1997b, 1999b, 2001a;
Gavrilov et al., 1997; Gavrilova et al.,
1998; Gavrilova and Gavrilov, 2001). The
main difficulties with developing this
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type of data set are related to the need for
extensive data cross-checking with many
different sources, which is very laborious
and time-consuming (but produces high-
quality data). Some of the new prelimi-
nary results obtained with this database
are described in the Appendix.

The studies on biodemography of hu-
man longevity are progressing rapidly
and such progress can be enhanced by the
identification and use of new and novel
databases that permit investigators to test
research hypotheses that were difficult to
test in the past. We have been developing
a new database just for this purpose with
the initial funding from the NIH/NIA—a
database that will be made available to
the research community once complete
(publicly available data resources are re-
viewed in Gavrilova and Gavrilov, 1999).
For now, preliminary results are interest-
ing enough to warrant the expansion and
continued use of such databases. :

APPENDIX

PRELIMINARY FINDINGS

Preliminary research already con-
ducted with the use of data on European
aristocratic families has produced some
interesting results (see Table 1). First, we
have tested the validity of the general as-
sumption of the linear dependence be-
tween offspring life span and parental life
span. For this purpose, the sample was
split into two parts with approximately
equal numbers of cases: one subset with
longer-lived parents (above 70 years) and
another subset with shorter-lived parents
(below 70 years). The regression slopes
for linear regression of offspring life span
(pre-adjusted for secular effects) on
parental life span were calculated and
compared.
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TABLE 1

HERITABILITY OF HUMAN LONGEVITY FOR DIFFERENT SEX COMBINATIONS IN OFFSPRING/PARENT PAIRS
AND FOR DIFFERENT PARENTAL LONGEVITY RANGES

REGRESSION SLOPE OF OFFSPRING LIFE SPAN (ADULTS. 30+ YEARS)
ON PARENTAL LIFE SPAN * STANDARD ERROR

(1) Longer-lived (2) Shorter-lived
TYPE OF THE parents, parents, Difference
CHILIVPARENT 70-100 years 30-70 years between
PAR (sample size) (sample size) {1y and (2)
Son—father 0.189 * 0.035%** 0.037 £ 0.020 0.152 + 0.040***
(5,120) (6,211)
Son—mother 0.054 = 0.031 -0.014 £ 0.017 0.067 + 0.035
(5,783) (5.218)
Daughter—father 0.265 = 0.055*** 0.022 = 0.031 0.243 * 0.063***
(2,213) (2,616)
Daughter—mother 0.114 £ 0.048* 0.024 = 0.028 0.091 = 0.056
(2,534) (2,156)
*Significant at p < 0.05; **p < 0.01; ***p < 0.001
NortE: The data for analysis are taken from our “E Ari ic Families™ for extinct birth cohorts (1800-1880). Data for

P

offspring life span were pre-adjusted for secular changes before their use in the linear regression analysis.

In the case of strictly linear depen-
dence for the whole range of parental
longevity, the regression slopes for the
subsets of longer- and shorter-lived par-
ents should be essentially the same. This

' "is obviously not the case—for all four
offspring-parent pairs the heritability of
longevity was much higher for longer-
lived parents, particularly fathers.

In fact, human life span seems to be
not heritable (in the narrow sense of fa-
milial resemblance) if parents live shorter
lives—all the regression slopes are close
to zero and are statistically insignificant
(Table 1). This may explain why some of
the previous investigators (Philippe,
1978) were frustrated by low heritability
estimates for human life span—they sim-
ply did not have enough cases of longer-
lived parents in their data sets. On the
contrary, the regression slopes for the
longer-lived parents are quite high, keep-
ing in mind that the theoretical upper

limit for this slope is equal to 0.5, corre-
sponding to 100 percent heritability of
the trait (Falconer, 1989; Falconer and
Mackay, 1996). For example, the daugh-
ters gain 2.65 years of additional life span

" per each 10 years of additional life span

of longer-lived fathers (Table 1), which
formally corresponds to 53 percent of the
narrow sense heritability (Falconer, 1989).
These results are consistent with the
prediction of the evolutionary theory of
aging (see section 2.1.) and indicate that
there may be an increasing genetic limita-
tion for the further increase of human life
expectancy in low-mortality populations.
Another interesting observation using
available data is that the paternal
longevity effects on offspring life span
are more than double those of maternal
effects (Table 1). Since the frequency of
chromosomal crossing over is much less
in fathers compared to mothers (Strick-
berger, 1976; Vogel and Motulsky, 1997),
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the fortunate gene combinations predis-
posing to longevity are more likely to be
transmitted intact (not destroyed by ge-
netic recombination) from fathers rather
than from mothers. Other explanations
are also possible, so larger biodemo-
graphic studies are planned to cast more
light on the familial determinants of
human longevity.

Gavrilov et al.

Social Biology

ACKNOWLEDGMENTS

This work was supported in part by the
National Institute on Aging grants P20
AG12857, AG13698-01, AGI16138-01A1,
K02AG13698-01, K02AG00894-01, and
K02AG00976-01A2. Contact Leonid A.
Gavrilov, Center on Aging, NORC/University
of Chicago, 1155 East 60th Street, Chicago,
IL 60637 (lagavril@midway.uchicago.edu).

REFERENCES

ABBOTT, M. H,, E. A. MURPHY, D. R. BOLLING, and
H. ABBEY. 1974. The familial component in
longevity. A study of offspring of nonagenari-
ans. II. Preliminary analysis of the completed
study. Hopkins Med. J. 134:1-16.

BEETON, M., and K. PEARSON. 1899. Data for the
problem of evolution in man, II: A first study of
the inheritance of longevity and the selective
death rate in man. Proceedings of the Royal So-
ciety of London 65:290-305.

. 1901. On the inheritance of the duration of
life, and on the intensity of natural selection in
man. Biometrika 1:50-89.

BELL, A. G. 1918. The duration of life and condi-
tions associated with longevity. A study of the
Hyde genealogy. Washington: Genealogical
Records Office.

BipEAU, A. 1986. Fécondité et mortalité apres 45
ans. L'apport des recherches en démographie
historique. Population, 41:59-72.

BOCQUET-APPEL, J. P, and L. Jakosl. 1990. Familial
transmission of longevity. Ann. Human Biol.
17:81-95.

. 1991, La transmission familiale de Ila
longévité & Arthez d’ Asson (1685-1975). Popu-
lation 46:327-347.

Branp, F. N., D. K. KieLy, W. B. KANNEL, and
R. H. MYERs. 1992, Family patterns of coronary
heart disease mortality: The Framingham
longevity study. J. Clin. Epidemiol. 45:169-174.

CARMELLI, D. 1982. Intrapair comparisons of total
life span in twins and pairs of sibs. Hum. Biol.
54:525-537.

CARMELLL D.. and S. ANDERSEN. 1981. A longevity
study of twins in the Mormon genealogy. Prog.
Clin. Biol. Res. 69 Pt.C:187-200.

CARNES, B. A, and S. J. OLsSHANSKY. 1993. Evolu-
tionary perspectives on human senescence. Pop-
ulation and Development Review 19:793-806.

CArNES, B. A, S. J. OLSHANSKY, and D. GRAHN.
1996. Continuing the search for a law of mortal-
ity. Population and Development Review
22:231-264.

CARNES. B. A., S. J. OLsHANSKY, L. GavriLov,
N. GavrILOvA, and D. GRAHN. 1999. Human
longevity: Nature vs. nurture—fact or fiction.

Perspectives  in and Medicine
42:422-441.

CHARLESWORTH, B. 1987. The heritability of fitness.
In J. W. Bradbury and M. B. Andersson (eds.),
Sexual Selection: Testing the Alternatives, pp.
21-40. Chichester: Wiley.

. 1994. Evolution in age-structured popula-
tions. Cambridge: Cambridge University Press.

CoHEN, B. H. 1964. Family patterns of mortality
and life span: A critical review. Quart. Rev. Biol.
39:130-191.

COURNIL, A., J. M. LEGAY, and F. SCHACHTER. 2000.
Evidence of sex-linked effects on the inheritance
of human longevity: A population-based study
in the Valserine valley (French Jura), 18th-20th
centuries. Proc. R. Soc. Lond. B Biol. Sci.
267:1021-1025.

CRAWFORD, M. H., and L.. ROGERS. 1982. Population
genetics models in the study of aging and
longevity in the Mennonite community. Soc.
Sci. Med. 16:149-153.

DESIARDINS, B., and H. CHARBONNEAU. 1990. L'héri-
tabilité de la longévité. Population 45:603-615.

DuBLIN, L. I, A. J. LotkA, and M. SPIEGELMAN.
1949. Length of life. New York: Ronald Press
Co.

FALCONER, D. S. 1989. Introduction to quantitative
genetics. London: Longman.

FALCONER, D. §., and T. F. C. MACKAY. 1996. Intro-
duction to quantitative genetics. London:
Longman.

FincH, C. E. 1990. Longevity, senescence, and the
genome. Chicago: University of Chicago Press.

FoGEL, R. W., and D. L. CosTa. 1997. A theory of
technophysio evolution, with some implications
for forecasling population, health care costs, and
pension costs. Demography 34:49-66.

GavriLov, L. A,, and N. S. GAVRILOvVA. 1991. The
biology of 11fe span: A quantitative approach.
New York; Chur, Switzerland: Harwood Aca-
demic Publisher.

. 1997a. Parental age at conception and

offspring longevity. Reviews in Clinical Geron- "

tology 7:5-12.

. 1997b. When should fatherhood stop? Sci-

ence 277:17-18.

Biology




Yol. 49, No. 3-4

. 1998. Inventory of data resources on famil-

ial aggregation of human longevity that can be

used in secondary analysis in biodemography

of aging. Professional Service Contract #263

SDN74858. National Institute on Aging.

Bethesda: NIA.

. 1999a. Is there a reproductive cost for hu-

man longevity? Journal of Anti-Aging Medicine

2:121-123.

. 1999b. Season of birth and human longevity.

Journal of Anti-Aging Medicine 2:365-366.

. 2000. Human longevity and parental age at

conception. In J.-M. Robine et al. (eds.), Sex

and Longevity: Sexuality, Gender, Reproduc-
tion, Parenthood. Berlin, Heidelberg: Springer-

Verlag.

. 2001a. Biodemographic study of familial

determinants of human longevity. Population:

An English Selection 13:197-222.

. 2001b. Epidemiology of human longevity:

The search for appropriate methodology. Journal

of Anti-Aging Medicine 4:13-30.

. 2002. Evolutionary theories of aging and
longevity. TheScientificWorldJOURNAL 2:339-
356. Available: http://www.thescienticworld.com/.

GAVRILOV, L. A, N. S. GAVRILOVA, V. N. KROUTKO,
G. N. EVDOKUSHKINA, V. G. SEMYONOVA, A. L.
GAVRILOVA, E. V. LAPSHIN, N. N. EVDOKUSHK-
INA, and YU.E. KUSHNAREVA. 1997. Mutation
load and human longevity. Mutation Research
377:61-62.

GavriLova, N. S., and L. A. GavriLov. 1999.
Data resources for biodemographic studies on
familial clustering of human longevity. Demo-
graphic Research [Online], 1(4):1-48. Available:
http:// www.demographic-research.org/volumes/
voll/s4.

. 2001. When does human longevity start?:
Demarcation of the boundaries for human
longevity. Journal of Anti-Aging Medicine
4:115-124.

GavriLova, N. S, L. A. Gavrnov, G. N.
EVDOKUSHKINA, V. G. SEMYONOVA, A. L.
GavriLova, N. N. EVDOKUSHKINA, YU.E.
KUSHNAREVA, V. N. KROUTKO, and A.Yu. AN-
DREYEV. 1998. Evolution, mutations and human
longevity: The study on European royal and
noble families. Human Biology 70:799-804.

GUDMUNDSSON, H., D. F. GUDBIARTSSON, M. FRIGGE,
J. R. GULCHER, and K. STEFANSSON. 2000. Inher-
itance of human longevity in Iceland. Eur. J.
Hum. Genet. 8:743-749,

HARVALD, B., and M. HAUGE. 1965. Hereditary fac-
tors elucidated by twin studies. In J. V. Neel,
M. V. Shaw, and W. J. Shull (eds.), Genetics and
the Epidemiology of Chronic Diseases. Wash-
ington, D.C.: U.S. Department of Health, Edu-
cation and Welfare.

Hawkins, M. R., E. A. Murphy, and H. ABBEY.

"7 "1965. The familial component of longevity. A
study of the offspring of nonagenarians. I. Meth-
ods and preliminary report. Bull. Johns Hopkins
Hospital 117:24-36.

Biodemography of Human Longevity

171

Havakawa, K., T. Suimizu, Y. OnBa, S. ToMIOKA,
S. TakaHasi, K. AMANO, A. YURA, Y. YOKOYAMA,
and Y. HAvAKATA. 1992. Intrapair differences of
physical aging and longevity in identical twins.
Acta Genet. Med. Gemellol. 41:177-185.

‘HErRSkND, A. M., M. McGuUE, N. V. Hom, T. L
SORENSEN, B. HARVALD, and J. W. VAUPEL.
1996. The heritability of human longevity: A
population-based study of 2,872 Danish twin
pairs born 1870-1900. Hum. Genet. 97:319-
323.

HoLMmes, S. J. 1928. Age at parenthood, order of
birth. and parental longevity in relation to the
longevity of offspring. Univ. Calif. Publ. Zool.
31:359-367.

HRUBEC, Z., and J. V. NEeL. 1981. Familial factors
in early deaths: Twins followed 30 years to ages
51-61 in 1978. Human Genetics 59:39-46.

HruBEC, Z., B. FLODERUS-MYRHED, U. DE FAIRE,
and S. SARNA. 1984. Familial factors in mortal-
ity with control of epidemiological covariables.
Swedish twins born 1886-1925. Acta Genet.
Med. Gemellol. 33:403-412.

Huches, K. A., and B. CHARLESWORTH. 1994. A
genetic analysis of senescence in Drosophila.
Nature 367:64-66.

JacQUARD, A. 1982. Heritability of human
longevity. In S. V. Preston (ed.), Biological and
Social Aspects of Mortality and the Length of
Life, pp. 303-313. Li¢ge: Ordinia Edition.

JaLavisTo, E. 1950. The influence of parental age on
the expectation of life. Rev. Med. Liege 5:719—
722.

. 1951. Inheritance of longevity according to
Finnish and Swedish genealogies. Ann. Med. In-
tern. Fenn. 40:263-274.

Jarvik, L. F. A. Faek, F J. KALIMAN, and
I. LORGE. 1960. Survival trends in a senescent
twin population. Am. J. Hum. Genet. 12:170-179.

KaLiman, F. J. 1957. Twin data on the genetics of
aging. In E. Wolskenholme and M. O’Connor
(eds.), Methodology of the Study of Aging, pp.
131-143. Boston: Little. Brown and Co.

KaLiman, F. G, and G. SANDER. 1948. The twin
studies on aging and longevity. J. Heredity
39:349-357.

. 1949. The twin studies of senescence. Am.
J. Psychiatry 106:29-36.

KeRBER, R. A., E. O’BRieN, K. R. SMITH, and R. M.
CAWTHON. 2001. Familial excess longevity in
Utah genealogies. J. Gerontol. 56A:B130-139.

KnNoDEL, J. E. 1988. Demographic behavior in the
past: A study of fourteen German village popu-
lations in the eighteenth and nineteenth cen-
turies. New York: Cambridge University Press.

KORPELAINEN, H. 1999. Genetic maternal effects on
human life span through the inheritance of mito-
chondrial DNA. Hum. Hered. 49:183-185.

Le BOURG, E., B. THON, J. LEGARE, B. DESIARDINS,
and H. CHARBONNEAU. 1993. Reproductive life
of French-Canadians in the 17th-18th centuries:
A search for a trade-off between early fecundity
and longevity. Exp. Gerontol. 28:217-232.




172

LEVY. P. S., and 8. LEMESHOW. 1999. Sampling of
populations: Methods and applications. Third
edition. John Wiley & Sons, Inc.

LiuNGQuisT. B.. S. BERG, J. LANKE, G. E. Mc-
CLEARN, and N. L. PEDERSEN. 1998. The effect
of genetic factors for longevity: A comparison
of identical and fraternal twins in the Swedish
Twin Registry. J. Gerontol. 53:M441-446.

LYNCH, M., and B. WaLsH. 1998. Genetics and
analysis of quantitative traits. Sunderland, MA:
Sinauer.

MaTtTHIS, K., B. VAN DE PUTTE, and R. VLIETINCK.
2002. The inheritance of longevity in a Flemish
village (18th-20th century). Eur. J. Population
18:59-81.

MAVYER, P. 1. 1991. Inheritance of longevity evinces
no secular trend among members of six New
England families born 1650-1874. Am. J. Hum.
Biol. 3:49-58.

McGUE, M., J. W. VaupiL, N. HoLMm, and B. HAR-
VALD. 1993. Longevity is moderately heritable
in a sample of Danish twins born 1870-1880.
J. Gerontol. 48:B237-244.

MEDAWAR, P. B. 1952. An unsolved problem in biol-
ogy. London: H. K. Lewis. Reprinted in The
Uniqueness of the Individual. London: Methuen,
1957.

MircreLL B. D., W-CH. Hsuend, T. M. KNG, T. L.
POLLIN, J. SORKIN, R. AGARWALA, A. A. SCHAF-
FER, and A. R. SHULDINER. 2001. Heritability of
life span in the Old Order Amish. Am J. Hum.
Genet. 102:346-352.

MURPHY, E. A. 1978. Genetics of longevity in man.
In E. L. Schneider (ed.), The Genetics of Aging,
Pp. 261-301. New York: Plenum Press.

NEeALE, M. C,, and L. R. CArDON. 1989. Methodol-
ogy for genetic studies of twins and families.
Dordrecht: Kluwer Academic Publishers.

NIELSEN, G. G., R. D. GILL, P. K. ANDERSEN, and
T. I A. SORENSEN. 1992. A counting process
approach to maximum likelihood estimation in
frailty models. Scand. J. Stat. 19:25-43.

OLSHANSKY, S. J. 1998. On the biodemography of
aging: A review essay. Population and Develop-
ment Review 24:381-393.

OLSHANSKY, S. J., and B. A. CARNES. 1997. Ever
since Gompertz. Demography 34:1-15.

PARTRIDGE, L., and N. H. BARTON. 1993. Optimality,
mutation and the evolution of aging. Nature
362:305-311.

PeARL, R. 1931. Studies on human longevity. IV.
The inheritance of longevity. Preliminary report.
Hum. Biol. 3:245-269.

PEARL, R., and R. DEWITT. 1934. Studies on human
longevity. VI. The distribution and correlation of
variation in the total immediate ancestral
longevity of nonagenarians and centenarians, in
relation to the inheritance factor in duration of
life. Hum. Biol. 6:98-222.

PEARL, R., and R. D. PEARL. 1934. The ancestry of
the long-lived. Baltimore: The John Hopkins
Press.

Gavrilov et al.

Social Biology

PerLs, T. T., L. ALPerT, and R. C. FrerTs. 1997. .
Middle-aged mothers live longer. Nature
389:133.

PuiLippg, P. 1977. La mortalite infantile: Hérédité et
milieu. Acta Genet. Med. Gemellol. 26:185-187.

. 1978. Familial correlations of longevity:

An isolate-based study. Am. J. Med. Genet

2:121-129.

. 1980. Longevity: Some familial correlates.
Soc. Biol. 27:211-219.

PREAS, S. 1945. Length of life of parents and off-
spring in a rural community. Milbank Mem.
Fund Quart. 23:180-196.

ROBINE, J.-M., and M. ALLARD. 1997. Towards a ge-
nealogical epidemiology of longevity. In J.-M.
Robine, J. W. Vaupel, B. Jeune, and M. Allard
(eds.), Longevity: To the Limits and Beyond, pp.
121-129. Berlin, Heidelberg: Springer-Verlag.

Rosg, M. R. 1991. Evolutionary biology of aging.
Oxford: Oxford University Press.

SmutH, D. W. E. 1993. Human longevity. New York,
Oxford: Oxford University Press.

SonT, J. K., and J. P. VANDENBROUCKE. 1993. Life
expectancy and mitochondrial DNA. Do we in-
herit longevity from our mother’s mitochondria?
J. Clin. Epidemiol. 46:199-201.

SorenseN, T. I. A, G. G. NIELSEN, P. K. ANDERSEN,
and T. W. TEASDALE. 1988. Genetic and environ-
mental influences on premature death in adult
adoptees. N. Engl. J. Med. 318:727-732.

SoReNSEN, T. I. 1991. Genetic epidemiology utiliz-
ing the adoption method: Studies of obesity and
of premature death in adults. Scand. J. Soc.
Med. 19:14-19.

STRICKBERGER, M. W. 1976. Genetics. 2nd edition.
New York: Macmillan Publishing Company.

SWEDLUND, A. C., R. S. MeINDL, J. NYDON, and
M. L. GRADIE. 1983. Family patterns in longevity
and longevity patterns of the family. Hum. Biol.
55:115-129.

TaLLis, G. M., and P. LEPpARD. 1997. Is length of
life predictable? Hum. Biol. 69:873-886.

TANAKA, M., J.-SH. GONG, M. YONEDA, and K. YAGL.
1998. Mitochondrial genotype associated with
longevity. Lancet 351:185-186.

U.S. MONTHLY VITAL STATISTICS REPORT. 1997. Vol.
45, No. 11S.

U.S. BUREAU OF THE CENSUS. 1997. Statistical Ab-
stract of the United States: 1997. 117th edition.
Washington, D.C.

VANDENBROUCKE, J. P. 1998. Maternal inheritance
of longevity. Lancet 351:1064.

VANDENBROUCKE, J. P., A. W. MATR0OS, C. VAN DER
HEIDE-WESSEL, and R. VAN DER HEDE. 1984.
Parental survival, an independent predictor of
longevity in middle-aged persons. Am. J. Epi-
demiol. 119:742-750.

VoGEL, F, and A. G. MotuLsky. 1997. Human ge-
netics. Problems and approaches. Berlin:
Springer-Verlag.

WacHTER, K. W,, and C. E. FINCH. 1997. Between
Zeus and the Salmon. The biodemography of




Vol. 49, No. 3-4

longevity. Washington, D.C.: National Academy
Press.

WALLACE, D. C., J. M. SHOFFNER, 1. TROUNCE,
M. D. BROWN, S. W. BALLINGER, M. CORRAL-
DeBrinskl, T. HORTON, A. S. JUN, and M. T.
Lort. 1995. Mitochondrial DNA mutations in

.human degenerative diseases and aging.
Biochim. Biophys. Acta 1271:141-151.

WELTER, M. 1978. Etudes sur I'Héritabilité de la
Longévité. These de Médicine. Paris: Université
René Descartes.

WESTENDORP, R. G., and T. B. Kirkwoop. 1998.
Human longevity at the cost of reproductive
success. Nature 396:743-746

Biodemography of Human Longevity

173

WiLsoN, E. B., and C. R. DoERING. 1926. The elder
Peirce’s. Proc. Natl. Acad. Sci. USA 12:424—
427.

WysHAK, G. 1978. Fertility and longevity of twins,
sibs, and parents of twins. Soc. Biol. 25:315-
330.

YASHIN, A. 1., and L. A. IacHINE. 1997. How frailty
models can be used for evaluaung Iongevuy
limits: Taking ad ge of an discif Yy
approach. Demography 34:31-48.

YuaN, I-CHIN. 1931. The influence of heredity upon
the duration of life in man based upon a Chinese
genealogy from 1365 to 1914. Hum. Biol.
3:157-165.




