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Abstract

While there is evidence that longevity runs in families, the study of long-lived families is complicated
by the fact that longevity-related information is available only for the oldest old, many of whom may
be deceased and unavailable for testing, and information on other living family members, primarily
descendents, is censored. This situation requires a creative approach for analyzing determinants of
longevity in families. There are likely biomarkers that predict an individual’s longevity, suggesting
the possibility that those biomarkers which are heritable may constitute valuable endophenotypes
for exceptional survival. These endophenotypes could be studied in families to identify human
longevity genes and elucidate possible mechanisms of their influence on longevity. In this paper, we
analyze data collected in the Long Life Family Study (LLFS) investigating whether indicators of
physiological state, cognitive functioning and health/well-being among offspring predict longevity
in parents. Good predictors can be used as endophenotypes for exceptional survival. Our analyses
revealed significant associations between cumulative indices describing physiological state, as well
as a number of offspring phenotypes, and parental lifespan, supporting both their familial basis and
relevance to longevity. We conclude that the study of endophenotypes within families is a valid
approach to the genetics of human longevity.
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Introduction

Longevity was documented to run in families as early as the beginning of the 20t century
(Pearl, 1922) with heritable factors of both genetic and non-genetic origin theorized to
contribute to this pattern (Franceschi et al., 2007). Family studies, in which heritable
intermediate phenotypes associated with longevity (called endophenotypes, EPs) are measured
among multiple family members, can generate useful insights and ideas about determinants of
longevity by studying the effects of these phenotypes on life span (Martin et al., 2007; Perls
and Terry, 2003). Identification of such EPs can offer additional avenues for exploring
determinants of familial patterns of longevity (Martin et al., 2007; Melzer et al., 2007). The
idea is that etiologic factors influencing such EPs (especially genes) are also those affecting
longevity (Atzmon et al., 2006; Barzilai and Shuldiner, 2001).

Ideally, evaluating the predictive power of EPs for longevity can be assessed using data on life
spans and EPs collected in a series of individuals. However, such ideal complete data are often
unavailable. While life span is known for deceased individuals, measurement of
endophenotypes is usually not possible and, conversely, life span is censored in living
individuals where it is possible to measure endophenotypes. Thus, incompleteness is a
fundamental property of family data on exceptional longevity. This situation requires
nonstandard approaches for analyzing the effects of EPs on longevity from incomplete data.
It is clear that estimates of the effects of selected EPs on life span obtained in the case of
incomplete data will be less reliable than those calculated from complete data. In this situation
one alternative is to assess effects of individual offspring EPs on parental longevity and to
combine this information into cumulative indices and repeat the analysis. The effects of the
cumulative indices can be significant even if the contribution of each individual EP is small or
insignificant (Landgren et al., 2005; Perls and Terry, 2003).

In this paper, we used data from the Long Life Family Study (LLFS) to investigate associations
between indicators of physiological state, cognitive functioning, and health/well-being status
measured in individuals ages 70 and above and the life spans of their parents. The LLFS collects
information about life spans and characteristics hypothesized to affect them in families
identified for their exceptional longevity. We set out to establish the validity of these measures
as endophenotypes of longevity by examining their association with life spans of parents
(Martin et al., 2007). Verification of this relationship will allow us to investigate the familial
underpinnings of longevity by studying the endophenotypes, which can be measured on living
family members. To test these associations we investigated the relationships between
individual EPs as well as cumulative indices measured in the offspring with life spans of their
parents.

More specifically, we addressed the following question: which EPs in the offspring were
strongest predictors of longevity in their parents? We began by evaluating separately, effects
of each selected characteristic in the offspring on the longevity of their mothers and fathers.
We then explored the effects of several cumulative indices created from this list and compared
results obtained using these indices with those obtained using each characteristic individually.
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Data and Methods

The Long Life Family Study (LLFS) consists of families selected for exceptional familial
longevity in the United States and Denmark. In the United States, the recruitment of families
into the LLFS is carried out by field centers located in Boston, New York and Pittsburgh. In
the United States, potentially eligible individuals and their families are identified through two
main sources (1) mailings of study information to Medicare enrollees, aged 80 and older who
reside within a two hour driving distance from one of the three field centers, and (2) individuals
who contact the field centers in response to media events, including television appearances,
newspaper stories, and advertisements. Individuals who contact a field center or who consent
to be contacted in response to mailings, are interviewed over the telephone to assess eligibility
and willingness to participate in the LLFS. Study eligibility criteria consist of the following:
the family must have two living siblings aged 80 and above, two living offspring of one or
more of the siblings, and a living spouse of one of the offspring (a control subject). In addition,
the family must demonstrate exceptional longevity based on a Family Longevity Selection
Score (FL0SS), which is a summary measure based on the survival experience of the oldest
living generation of siblings relative to what would be expected based on birth cohort life tables
(Sebastiani et al., 2009). Families with members of this generation who are still alive and larger
sibships are given higher priorities. Finally, an eligible family will be enrolled in the study if
at least 3 family members (the proband, at least one sibling of the proband, and one offspring
of the proband or the sibling) indicate their willingness to participate.

In Denmark, the identification of potentially eligible probands and their families proceeds as
follows. First, individuals who would be ages 90 and above during the study recruitment period
are identified in the Danish National Register of Persons, which contains current information
on names, including past names such as maiden names for women, addresses, place of birth,
marriages, and vital status. Second, using information on the place of birth and the names,
parish registers available in regional archives are searched to locate the parents of the elderly
individuals in order to identify sibships. Based on the above information, potentially eligible
families are identified and contact is made with potential probands to further assess the family’s
eligibility for and willingness to participate in the LLFS using criteria parallel to that used in
the United States.

Once enrolled in the LLFS, field center staff collect information from the US and Danish
participants using similar questionnaires and in-home physical examinations, covering such
topics as socio-demographic characteristics, physical activity and functioning, health and
medical history, cognitive functioning, mood and personality, anthropometry, blood pressure,
and spirometry. In addition, blood is collected for laboratory testing. In this paper, we use data
from approximately 700 individuals (about 600 US and 100 Danish subjects from about 300
different families) of the proband’s generation (probands and their siblings) who had completed
most the data collection and for whom a known age at death for at least one parent was recorded.
In our analyses, we excluded data on life spans of parents who died as a result of accident,
injury or war. To test whether gender difference in correlations between life spans of parents
and their offspring takes place in other populations, we used the Framingham Heart Study data
for the original and offspring cohorts.

The Framingham Heart Study Data

In the year 1948, the study recruited 5209 non-institutionalized white subjects (2336 males and
2873 females between the ages of 28 and 62 in the town of Framingham, Massachusetts) with
the purpose to evaluate the relationship between potential risk factors determined in
individuals, who had not yet developed overt symptoms of CVD or suffered a heart attack or
stroke, to the subsequent development of disease and death. For more than 50 years, the
participants of the original cohort have been reexamined biennially for a physical examination,
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laboratory tests, detailed medical history, and extensive cardiovascular history. The Offspring
cohort (FHSO) was launched at Exam 1 in 1971 (8/1971 — 9/1975) using research protocols
similar to those of the FHS and has on average been examined every 3 to 4 years since
enrollment. The sample included 3,514 biological descendants of the Original Cohort, 1,576
of their spouses and 34 adopted offspring for a total sample of 5,124 subjects (52% females).

To examine the associations between selected EPs and parental longevity, we selected
phenotypes measured in the probands and their siblings from five distinct health-related
domains available in the LLFS. All together 18 EPs were selected for analysis: 1).
Physiological and anthropometric measures: total cholesterol (CHOL; mg/dL), fasting blood
glucose (BG; mg/dL), hematocrit (HCT; %), systolic blood pressure (SBP; mm Hg), diastolic
blood pressure (DBP; mm Hg), pulse pressure (PP; mm Hg), pulse rate (PR; beats/min), body
mass index (BMI; kg/m?), forced vital capacity (FVC; mL), and forced expiratory volume in
1 second (FEV1; mL). 2). Physical functioning: grip strength (GRIP, kg). 3). Cognitive
functioning: total MMSE score (MMSE). 4). Socio-demographic and lifestyle indicators: low
education (“1” if below high school, “0” otherwise) (EDUC), no moderate physical activity
(walking/exercise at least 1 hr/week) (MODACT), no intensive physical activity (walking/
exercise at least 3 hrs/week) (INTACT), low income (“1” if hard to pay for basics, “0”
otherwise) (INCOME). 5). Disease history: has hypertension (HYPERT) and/or cancer
(CANCER).

These EPs (selected in offspring) were used for empirical and regression analyses of their
association with life spans in parents. They were also used to create age-adjusted dichotomous
indices and aggregate cumulative indices to predict the means of the life span distribution of
the parents. In the construction of these indices, we used the fact that mortality risk is a function
of physiological state represented by a number of physiological variables (Yashin et al.,
2006).

The creation of dichotomous indices—We first evaluated the average age trajectories
of EPs in domains 1-3 in five-year age groups starting with the age group 70-74, the youngest
ages of the siblings of the probands, up to age 100+ years. Then for each measured EP, except
for FVC, FEV1, GRIP, and MMSE, we assigned values “0” or “1” to a new covariate if the
value of the measured EP for a study participant was below (“0”) or above (“1”) its mean value
for a given age group. For FVC, FEV1, GRIP and MMSE, we assigned “1” if the value was
below the age-group specific mean and “0” otherwise. These assignments were done separately
for men and women. In this coding procedure the value “0” corresponds to an expected
beneficial effect of the deviation from the mean on parental survival. The coding of variables
in domains 4 and 5 were not based on age-specific means but rather a value “1” was assigned
if the answer to a respective indicator was “yes” and “0” otherwise.

Our second and third dichotomous indices were based on tertiles and quartiles of the respective
age-specific distributions of the EPs. Again, for all covariates except FVC, FEV1, GRIP, and
MMSE, the variable was coded “1” if the observed value belonged to the upper tertile (quartile)
of distribution and “0” if it belonged to the lower tertile (quartile). For FVC, FEV1, GRIP, and
MMSE, we assigned “0” if the observed value belonged to the upper tertile (quartile) of
distribution and “1” if it belongs to the lower tertile (quartile). All individuals whose values
fell outside of the upper or lower tertiles (quartiles) were excluded from the analyses using
these two indices.

We also evaluated the possibility that the dependence between offspring EPs and the parental
mortality risk was U-shaped. To do so, we compared mortality risks in parents for offspring
having values of their EPs in tertiles and (quartiles) of respective distributions. The
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dichotomization procedure was similar to that described above but we assigned “1” if the
observed value of EP belonged to the upper or lower tertile (quartile) of respective distribution
and “0” if it belonged to the middle tertile (quartiles). We found a U-shaped association for
BMI, for dichotomizations based on tertiles and quartiles and only for mothers’ life spans
(significant at the 0.01 level). Results reported in Tables 1, 3 assume dichotomizations based
on a U-shaped association for BMI.

The creation of indices based on cumulative proportions—For each individual, we
also calculated the proportion of all values coded “1” among the 18 EPs based on the three
dichotomized indices (means, tertiles and quartiles) described above. We assigned the value
“1” to the cumulative index if at least half of the EPs had a value of “1” and “0” otherwise
(denoted by PROPHALF in Tables 1, 3). Similarly, we evaluated covariates PROPTERT and
PROPQUAR by assigning “1” when at least 2/3 (3/4) of the 18 EPs were coded “1” and “0”
when less than 1/3 (1/4) of the dichotomous variables were coded “1”. All individuals whose
covariate values fell between the upper and lower tertiles (quartiles) were excluded from the
analyses using PROPTERT and PROPQUAR. Individuals having less than four observed
covariates were also excluded from calculations of the three cumulative indices.

The creation of indices of physiological state based on cumulative proportions
—The 18 EPs used in the construction of the above indices tap into multiple aspects of health
and wellbeing and thus their effects can be somewhat difficult to interpret. Therefore, we also
examined the associations between parental longevity and selected offspring EPs commonly
used to describe an individual’s physiological state. These 10 physiological EPs (BG, BMI,
CHOL, DBP, FEV1, FVC, HCT, PP, PR, SBP) were used to construct additional indices of
cumulative proportions PROPHALF, PROPTERT, and PROPQUAR dichotomized using
means, tertiles and quartiles of respective distributions as described above. These indices
provide simple summary measures that characterize an individual’s multidimensional
physiological state.

To examine the effects of the above indices on the life spans of the parents of the probands and
their siblings we compared the average life span of parents whose offspring had a value “1”
for a given index to the average life span of parents whose offspring had a value “0”. These
comparisons were performed separately for life spans of mothers and fathers and by combining
all offspring and separately for daughters and sons. The significance of differences was
estimated using a two-sample, two-tailed t-test with unequal variances with MATLAB’s
Statistical Toolbox (MathWorks Inc.).

Cox regression analyses—We used the Cox regression analyses to examine effects of the
original (non-dichotomized) 18 EPs (individually and jointly) on the life spans of mothers and
fathers (in joint analyses, PP was excluded from the list of EPs because of a linear dependence
between variables DBP, SBP and PP). To estimate the influence of deviations of the values of
EPs from their age-specific means on parental life spans, we also estimated modified models
with age-specific means (calculated in five-year age groups) subtracted from the values of EPs.
These analyses complemented the analyses of dichotomous indices described above.

Sensitivity analyses—Note that all these analyses treat siblings as independent
observations. In reality, we have data on multiple sibs predicting the same parental longevity,
so the observations are generally not independent. There are two potential issues related to this.
First, treating siblings as independent observations may affect tests of significance. Second, it
may result in a reduction of the effect of observed index on parental life spans when siblings
have opposite values of a given index. We used two approaches to check the sensitivity of our
empirical results to such familial clustering. First, we repeated analyses generating 100
“independent” samples randomly selecting one individual from each family and evaluated
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average estimates for such “independent” samples. Second, we investigated the sensitivity of
our results to the presence of families in which siblings have opposite values of a given index
excluding such families from analyses. In the Cox regression analyses, to check the sensitivity
of results to such familial clustering and to account for the intracluster (familial) dependence,
we applied a robust sandwich covariance matrix estimate by Lee et al. (1992) in evaluation of
respective p-values for individual parameters in the Cox regression model (in joint analyses of
all original EPs) using SAS/STAT softwarel. Results of these sensitivity analyses can be found
in online Supplementary data.

Effects of dichotomous EPs

We began by constructing the dichotomous covariates based on the means, tertiles, and
quartiles for the 18 EPs separately for the Danish and the U.S. samples, and investigated the
associations between each covariate and the mean life spans of mothers and fathers. We found
the effects of many covariates based on deviations from the mean to be similar in the Danish
and U.S. samples. However, these associations were weaker in the Danish sample, most likely
due to its smaller size. Although the index based on the means takes advantage of information
on all individuals, its disadvantage is that the effects of some EPs on parents’ life spans may
be small because EP values which are proximate but nevertheless located on the opposite sides
of the mean may have similar effects on parental life spans. Our indices based on tertiles and
quartiles permit a greater contrast and provide additional insights into the relationship between
parental life spans and offspring characteristics. Again the results were similar in the US and
Danish samples, with the associations being weaker in the Danish data.

To increase the accuracy of the estimates we pooled the Danish and the U.S. data, and repeated
the above analyses on the combined sample. Although relatively few EPs exhibited statistically
significant associations with parental life spans, the results for most EPs related to physiological
state as well as income and education were in the expected direction with more favorable values
in the offspring associated with greater parental longevity. At the same time, these associations
were more likely to be statistically significant for the life spans of mothers than fathers. Table
1 presents results based on the dichotomized indices, except for BMI. The association between
offspring BMI and parental longevity is calculated assuming a U-shaped dependence (see
section Data and Methods).

Results of Cox regression analyses

In addition to these empirical analyses, we used the Cox regression analyses to examine effects
of the original (non-dichotomized) 18 EPs (individually and jointly) on the life spans of mothers
and fathers. In joint analyses of original EPs (without subtracted age-specific means), only BG
measured in daughters showed a significant effect on fathers’ life span (8 =—0.009, p = 0.028).
In analyses of modified EPs (subtracted age-specific means), the effect of daughters’ BG on
fathers’ life span remained significant (8 = —0.009, p = 0.024). In addition, CHOL in all
offspring showed a significant effect on fathers’ life span (8 = —0.003, p = 0.03). Results of
separate analyses of original EPs are shown in Table 2. The table reveals that a number of EPs
showed a significant relationship with parental longevity, including those that were significant
in dichotomized analyses presented in Table 1 (BG, BMI, SBP, FVC, and EDUC). In separate
analyses of modified EPs (subtracted age-specific means), the list of EPs with significant
effects for fathers-daughters, fathers-sons, and mothers-sons remained the same. For fathers-
all offspring, BMI is added to the list (8 = 0.018, p = 0.047). For mothers-daughters, FEV1,

1o sAs Institute Inc. SAS and all other SAS Institute Inc. product or service names are registered trademarks or trademarks of SAS
Institute Inc., Cary, NC, USA.
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FVC and GRIP dropped out from the list. For mothers-all offspring, PP (5 = 0.004, p = 0.047)
is added to the list.

Effects of cumulative proportions

The use of Bonferroni correction for multiple testing substantially reduces significance and
alter the interpretation of the results for individual EPs presented in Table 1. An extremely
conservative nature of the Bonferroni adjustments motivated constructing cumulative indices
and performing analyses which do not require such correction. We also showed that cumulative
indices better predict outcomes than individual traits (Kulminski et al., 2009;2008b) that further
motivate the use of cumulative indices. We constructed indices of cumulative proportions for
offspring using values of 18 EPs (see above for definitions) and evaluated their connection to
parental life spans. The last three rows in Table 1 show the results for cumulative indices. They
provide further evidence for an association between offspring characteristics and parents’ life
spans, although again the results reached statistical significance only for mothers’ life spans.
The largest significant (at the 0.01 level) difference was observed for PROPTERT for mother’s
life spans when dichotomization is based on quartiles. Mothers of the offspring with the more
favorable characteristics lived on average 5.32 years longer than mothers of the offspring with
less favorable EPs.

Effects of cumulative proportions based on EPs characterizing physiological state

As noted above, most associations between dichotomized indices based on EPs related to the
offspring’s physiological state were in the expected direction and several were statistically
significant. Table 3 shows the results of the analysis using the cumulative indices based on 10
EPs characterizing physiological state and removing parents died before ages 60 (see section
“Sensitivity analyses: Removing effects of premature death in parents” and Figure S1 in online
Supplementary data). The table includes separate analyses for sons and daughters and mothers
and fathers. The results lend further support for our earlier finding which showed the
associations between offspring characteristics and the life spans of parents to be more highly
significant for mothers than for fathers. At the same time, the differences between maternal
life spans and daughters’ and sons’ characteristics are not substantial. As seen in Table 3, the
association between the cumulative indices based on physiological state of the offspring was
significant only for the life span of mothers (in addition, only PROPTERT based on quartiles
for the fathers-sons pair was marginally significant). Similar analyses performed for
cumulative physiological index based only on the U.S. data confirm the results shown in Table
3. The analyses based only on the Danish data produce non-significant results because of the
small sample size. However, most associations for mothers and offspring have signs similar
to those observed in the U.S. data (data not shown).

We performed several additional studies that further support the observed effects. Analyses
that exclude families with “mixed” EPs in offspring (i.e., those having at least two offspring
of respective sex with opposite values of the dichotomous index) strengthened the results
reported in Table 3 (see section “Sensitivity analyses: Excluding families with “mixed” EPs
in offspring” and Table S1 in online Supplementary data). Restricting the analysis to four
physiological risk factors known to be associated with longevity in prior studies, such as BG,
BMI, PP, and SBP (see Allison et al., 1999;Aviv, 2001;Levitan et al., 2004), and combinations
thereof also increased the differences in parental life spans (see section “Simultaneous effects
of select physiological EPs” and Table S2 in online Supplementary data). The reverse
association, i.e., that parental longevity predicts values of EPs in the offspring, also takes place
as Figure S2 in Supplementary data illustrates. These results provide us with additional insights
about the relationship between parental longevity and offspring characteristics.
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We also evaluated associations of parental life span with environmental factors such as
smoking and heavy alcohol drinking (>=5 drinks/day) in their offspring. No significant
differences between parental life spans of smoking and non-smoking offspring, as well as heavy
drinking and other offspring were found. Note that proportions of smoking offspring of long-
lived (life span from the upper quartile of the sex-specific life span distribution of the parental
generation) and short-lived (life span from the lower half of the sex-specific life span
distribution of the parental generation) parents did not differ significantly. Similar observation
was true for proportions of heavy drinking offspring of long- and short-lived parents. Thus,
environmental factors measured in offspring were not related with parental longevity in this
sample.

The observed differences in parental longevity can be partially attributed to familial traits of

non-genetic origin such as higher SES. Table 1 shows such effects of education and income.

The sample size used in this study is too small to make reliable conclusions if the difference

between trajectories of physiological indices in individuals with higher and lower SES takes

place in the data. We performed a sensitivity analysis making the sample more homogeneous
in terms of SES excluding those with low education and income (note that a small sample size
restricts analyses focusing on individuals with lower SES only). The results of such analyses
(see Tables S3 and S4 in Supplementary data) generally confirmed the observations shown in
the paper).

Discussion

The results of these analyses indicate that a number of EPs measured in the LLFS have
significant relationship with parental longevity. These include BG, BMI, SBP, FVC, INCOME
and EDUC (with PP and FEV1 added to the list in the analyses of individuals with higher SES,
see Table S3 in Supplementary data). The associations of each of the physiological indices
listed above with longevity are well documented. Our recent studies of age related changes in
mortality risks associated with blood glucose and BMI (see Kulminski et al., 2008a; Yashin et
al., 2006; Yashinetal., 2009a; Yashin etal., 2009b and references therein) indicate an important
role of dynamic mechanisms affecting these variables in aging organism, and their changing
role in longevity determination. Studying longevity in the Japanese population, Kokaze et al.
(2007) found that correlation of high level of FVVC with longevity involves Mitochondrial DNA
5178 cytosine/adenine (Mt5178 C/A) polymorphism. Reed et al. (2003) confirmed that SBP
together with a number of other factors is likely to contribute to the observed familial
correlations in longevity. These results justify the need for a follow up study where
measurements of EPs and life spans will be available for the same family members and more
accurate estimates of respective connections will be possible to obtain. INCOME and EDUC
are key social economical indices affecting longevity in humans (Clarkwest, 2008; Kim et al.,
2004; Lynch et al., 2000).

Studying genetic effects on phenotypes affecting longevity in families may help generate
insights concerning genetic pathways affecting life spans through heritable factors
(endophenotypes). Data on multigenerational families, however, are often incomplete. The
main result of this paper is that such incomplete data can be analyzed and respective
connections between endophenotypes in offspring and parental life spans can be evaluated.
The results suggest areas for further analyses. The fact that a number of offspring EPs measured
in the LLFS have strong connections with the life spans of mothers in these families is
consistent with maternal effects on life span in families. Experimental studies provide
compelling evidence that maternal inheritance is responsible for a number of evolutionary
outcomes, which are qualitatively different from those associated with Mendelian (nuclear)
inheritance (Lande and Kirkpatrick, 1990). Mitochondria, and their DNA (mtDNA), are often
considered as the genetic units of maternal inheritance. Maternal effects on longevity and stress
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resistance have been observed in longevity studies of Drosophila (Golubovsky et al., 2006).
Other factors may also contribute. These include the possibility that parents’ life spans, which
are ascertained by interview with probands, may have gender specific errors (e.g., the mothers’
life spans may be better remembered than those of fathers). Furthermore, we have not controlled
for such life style factors as smoking or work related exposures that may have played a more
important role in determining the age at death of fathers than of the mothers. All these factors
can be taken into account when more complete family data will be available.

Nevertheless, our results suggest that offspring characteristics are more predictive of mothers’
than fathers’ life spans. To test this hypothesis further we calculated correlations between life
spans of parents and offspring using the original and offspring cohorts of the Framingham
Heart Study data. We found that correlation between life spans of offspring and their fathers
was about 0.08 and statistically not significant. The correlation between life spans of mothers
and their offspring was about 0.22 and statistically significant (p-value less than 0.01). We also
examined gender specific correlations in the life spans of parents and their offspring. We found
correlations between fathers’ and sons’ life spans to be small (about 0.04) and not significant;
between fathers and daughters the correlation was higher (0.15) but also not significant. In
contrast, the correlations between the life spans of mothers and sons (0.21) and between
mothers and daughters (0.23) were both statistically significant. Dependence between other
variables in the original and offspring FHS cohorts deserves a separate study.

The data indicated the U-shape dependence of parental life span on BMI in offspring. Such
dependence is not found for other EPs in this study. Note that in traditional epidemiological
studies such effects were established using data on the same individuals (Boutitie et al.,
2002; Okumiya et al., 1999; Protogerou et al., 2007).

An examination of prior literature shows that maternal and paternal effects on longevity differ
from study to study. For example, strong paternal lineage of longevity was detected by Philippe
(1978), Bocquet-Appel and Jakobi (1990). The maternal contribution outweighed the paternal
component in studies by Abbott et al. (1974), Crawford and Rogers (1982), Brand et al.
(1992), Korpelainen (1999; 2000), and Kemkes-Grottenthaler (2004). The presence of false
paternity could produce difference in the effects, however, its exact contribution is difficult to
evaluate without additional data. You et al. (2006) found a significant association between
father’s and son’s and between mother’s and daughter’s longevity, but a weak, or insignificant
association between the longevity of fathers and daughters and between mothers and sons.
Several other studies have also shown that women’s life span is more heritable than men’s
(Cournil and Kirkwood, 2001; Cournil et al., 2000; Kemkes-Grottenthaler, 2004). This
variability in inheritance patterns of longevity by sex suggests the possibility of inheritance
mechanisms other than nuclear genetic (Baldassarre et al., 2005). These mechanisms may
include cultural, socio-economical, and other non-genetic factors that children can share with
their parents. Studying such factors and mechanisms will contribute to better understanding
heritable aspects of disease development as well.

The search for determinants of exceptional longevity involves the evaluation of effects of a
host of potentially influential characteristics. Many of these factors may have weak effects on
longevity per se and are thus thought to be unimportant. In addition, a comparison of effects
of multiple EPs requires corrections for multiple testing, which further reduces the number of
statistically significant characteristics. In this paper we demonstrated how information on
multiple EPs can be combined and included in the analysis using cumulative indices. In the
construction of these indices, we used the fact that mortality risk is a function of physiological
state described by the values of physiological variables (Yashin et al., 2006). For a particular
individual, the values of some of such physiological variables contribute to the increase in
mortality risk, and the values of others contribute to the decline in this risk. The multivariate

Mech Ageing Dev. Author manuscript; available in PMC 2011 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yashin et al.

Page 10

evaluation of the effects of physiological variables in offspring on parental life spans using
LLFS data did not produce significant results for many such variables, especially after
correction for multiple comparisons. Therefore a one-dimensional indicator capable of
characterizing the effect of deviation of the entire physiological state from its population mean
might be useful. We hypothesized that the proportion of “unfavorable” deviations of
physiological variables (measured in the LLFS) could be used as such measure for each
individual. Note that similar cumulative measures characterizing frailty, comorbidity, and
allostatic load are extensively used in studies of aging associated with declining health/well-
being status (de Groot et al., 2003; Fried et al., 2001; Fried et al., 2009; Kulminski et al.,
2008b; Puts et al., 2005; Rockwood and Mitnitski, 2007; Seeman et al., 2001). One remarkable
property of such indices is that their effects on mortality risk show low sensitivity to
modification of these indices (Rockwood et al., 2006). Such low sensitivity indicates that even
in their simplest form (e.g., without using components’ weights in constructing summary
measures) cumulative indices capture some systemic aspects of aging related changes affecting
mortality risk. These studies indicate the need in developing theoretical concepts explaining
properties of such indices and their connection to aging.

The key step in further analyses is to consider the distribution of offspring with respect to
constructed proportions, and compare the life spans of parents of offspring from different
percentiles of this distribution. As described in the Data and Methods section, the dichotomous
index PROPHALF assigns “1” to offspring which belong to the upper 50% percentile of this
distribution and “0” to those who are from the lower percentile. It was constructed to provide
a simple one-dimensional summary-measure of deviation of individual physiological state
(represented by physiological variables measured in the LLFS study) from its population (age-
specific) mean. The use of PROPTERT (when respective individuals belong to the lower and
to the upper tertiles of respective distribution) and then PROPQUAR (when respective
individuals belong to the lower and to the upper quartiles of respective distribution) makes the
difference between compared groups of offspring more and more contrast. In the presence of
hypothesized association, the difference in life spans of parents is expected to be larger in the
groups constructed using PROPTERT than in the groups using PROPHALF, and in the groups
using PROPQUAR than in the groups using PROPTERT dichotomous indices. The results of
statistical analyses indicate the presence of such association with different effects on male and
female parents.

With the use of cumulative indices we found that the greater the “distance” between offspring
EP values (e.g., indices based on the tertiles and quartiles of respective EP distributions), the
stronger the effect on parental longevity when measured by the absolute difference in average
life spans of parents. The fact that only some of the EPs and indices based on them exhibited
significant effects on parents’ longevity may be an artifact of the relatively small sample size.
With a larger sample size additional influential EPs are likely to emerge. Also note that although
the use of indices of cumulative proportions allows us to combine information from several
EPs, it also makes the results more difficult to interpret. Because many different mechanisms
may now contribute to these associations, it becomes difficult to isolate the individual
mechanisms involved. More insights can be gained by basing the cumulative indices on EPs
that measure different aspects of a given health state, e.g., physiological status. Additional
studies are needed to investigate properties of such indices used in characterizing integrative
aspects of aging.

At first glance the use of cumulative indices introduces additional heterogeneity and non-
specificity which could confound the discovery of genes influencing longevity. However, such
non-specificity may manifest the effects of genetic pathways (rather than separate genes)
involved in integrative regulation of aging related changes through the processes of
compensatory adaptation and remodeling having heterogeneous manifestation. In this case the
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results of genetic analyses will not only be the discovery of separate genes affecting longevity,
but also detection of longevity regulating genetic pathways.

Finally, we should note that the results of our analyses do not characterize familial correlation
in offspring EPs and parental longevity in the entire U.S. or the Danish populations. Because
probands and their siblings in the LLFS must be exceptional survivors, they represent a selected
population subgroup. Nevertheless our results provide important insights into potentially
heritable factors identifiable in the offspring that are predictive of parental longevity. Further
studies to identify additional EPs related to longevity by comparing offspring EPs and parental
longevity in families with long lived members to that found in families with short or average
life spans would be useful.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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