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Abstract Increasing proportions of elderly individ-

uals in developed countries combined with substantial

increases in related medical expenditures make the

improvement of the health of the elderly a high

priority today. If the process of aging by individuals is

a major cause of age related health declines then

postponing aging could be an efficient strategy for

improving the health of the elderly. Implementing this

strategy requires a better understanding of genetic and

non-genetic connections among aging, health, and

longevity. We review progress and problems in

research areas whose development may contribute to

analyses of such connections. These include genetic

studies of human aging and longevity, the heterogene-

ity of populations with respect to their susceptibility to

disease and death, forces that shape age patterns of

human mortality, secular trends in mortality decline,

and integrative mortality modeling using longitudinal

data. The dynamic involvement of genetic factors in

(i) morbidity/mortality risks, (ii) responses to stresses

of life, (iii) multi-morbidities of many elderly indi-

viduals, (iv) trade-offs for diseases, (v) genetic hetero-

geneity, and (vi) other relevant aging-related health

declines, underscores the need for a comprehensive,

integrated approach to analyze the genetic connections

for all of the above aspects of aging-related changes.

The dynamic relationships among aging, health, and

longevity traits would be better understood if one

linked several research fields within one conceptual

framework that allowed for efficient analyses of

available longitudinal data using the wealth of avail-

able knowledge about aging, health, and longevity

already accumulated in the research field.

Keywords Longitudinal data � Genetic
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Introduction

Demographic trends in developed countries and other

parts of the world are characterized by reductions in

fertility and mortality rates that result in an increase

in the proportion of elderly individuals in the

A. I. Yashin � K. G. Arbeev � L. S. Arbeeva �
D. Wu � I. Akushevich � M. Kovtun � A. Yashkin �
A. Kulminski � I. Culminskaya � E. Stallard �
M. Li � S. V. Ukraintseva
The Biodemography of Aging Research Unit, Social

Science Research Institute, Duke University, Durham,

NC, USA

A. I. Yashin (&)

The Biodemography of Aging Research Unit, Social

Science Research Institute, Duke University, 2024 W.

Main Street, Room A102E, Durham, NC 27705, USA

e-mail: aiy@duke.edu

S. V. Ukraintseva (&)

The Biodemography of Aging Research Unit, Social

Science Research Institute, Duke University, 2024 W.

Main Street, Room A105, Durham, NC 27705, USA

123

Biogerontology (2016) 17:89–107

DOI 10.1007/s10522-015-9594-8

http://crossmark.crossref.org/dialog/?doi=10.1007/s10522-015-9594-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10522-015-9594-8&amp;domain=pdf


corresponding populations. Elderly people have

higher risks of developing chronic diseases than

younger people, their health conditions are character-

ized by multi-morbidity, so the treatment of their

disorders is more difficult and involves higher medical

costs. The health expenditures in these countries may

increase substantially in the near future. In the U.S.,

Medicare spending alone is projected to roughly

double as a share of gross domestic product, from

3.7 % in 2012 to 7.3 % in 2050 (Goldman et al. 2013).

This situation raises concerns about whether and how

the health of the elderly could be improved.

One idea for improvement recognizes that each

person’s age is a strong predictor of the risks of onset for

many chronic diseases, suggesting a causal connection

between aging and health. Studies of aging in animal

model systems provide evidence supporting this view.

The development ofmulti-morbidity among the elderly

may be linked to the aging process: genes associated

with multi-morbidity (e.g., having pleiotropic associa-

tions with several aging-related disorders) may be

involved in the regulation of aging. If so, then slowing

down or postponing aging may reduce the incidence of

age related diseases (Barzilai and Rennert 2012;

Hamerman 2010; Miller 2009; Olshansky et al. 2007;

Warner et al. 2005). Implementing this idea requires a

deeper understanding of how the biological mecha-

nisms that link individual aging with morbidity and

mortality risks respond to external and internal chal-

lenges (e.g., changes in the environment, medical

interventions, ontogenetic changes, etc.).We know that

the biological responses are formed using genetic

signaling,metabolic, and other pathways and networks.

Such links make genetic studies of these processes

important components of research focused on the

connections among aging, health, and mortal-

ity/longevity. These studies will likely have important

practical implications: theywill help find efficient ways

of improving the health of the elderly in an agingworld.

The connections between aging and diseases of the

elderly are complicated. For many chronic diseases the

incidence rates do not increase monotonically with

age: instead, they first increase, reach their maximum

values, and then decline. Some people with excep-

tional longevity never develop major chronic condi-

tions (Evert et al. 2003). Some disease pairs have the

form of a trade-off: an increase in incidence of one

disease might be accompanied by a decline in

incidence of another disease. Some genetic and non-

genetic risk factors may change their associations with

morbidity and mortality risks during the life course as

a result of aging-related changes. They may exhibit

different effects on morbidity and mortality in inde-

pendent populations because of exposures to different

environments, medical interventions, etc. (Akushe-

vich et al. 2013; Kulminski et al. 2011; Thinnes 2012;

Tremolizzo et al. 2006; Ukraintseva et al. 2010;

Yashin et al. 2009).

Some problems that might shed light on relation-

ships among aging, health, and longevity were inves-

tigated without paying attention to systemic dynamic

aspects of their possible mutual connections. These

include studying roles of genetic factors in human

aging and longevity, identifying forces and mecha-

nisms shaping age patterns and time trends of human

mortality and survival curves, investigating health and

survival outcomes resulting from interactions between

aging-related changes and responses to environmental

stresses, and studying how external challenges and

genetic factors (dynamically integrated by physiolog-

ical variables and other biomarkers) interact with

aging-related changes (represented by the decline in

resistance to stresses and resilience) during the life

course of genetically different individuals to affect

health and survival. Taken together these studies could

create a solid basis for comprehensive and efficient,

high-priority analyses of systemic aspects of dynamic

relationships among aging, health, and longevity. In

this paper, we review these research directions paying

attention to their mutual connections.

Progress and problems in genetic studies of human

aging and longevity

Recent genetic studies of aging and longevity in animal

model systems indicate that substantial progress has

been made in understanding the roles of genes,

signaling and metabolic pathways, and genetic net-

works in aging and longevity. Many such pathways are

evolutionarily conserved in different species, includ-

ing humans, suggesting that efficient translation of the

research findings from these studies to human clinical

practice may be possible. To date, however, such

translation has been slower than expected. Attempts to

confirm findings from animal studies using data on

human aging and longevity have had limited success

(de Magalhaes 2014; Morris et al. 2014). Despite
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substantial progress in clarifying certain aspects of

genetic regulation of aging and longevity traits in

humans, many research findings in genome-wide

association studies (GWAS) of these traits have not

reached genome-wide levels of statistical significance.

They also suffered from the lack of replication using

data from independent populations (Lunetta et al.

2007; Newman et al. 2010;Walter et al. 2011). Studies

of genetic associations with chronic diseases and other

phenotypes related to health disorders appeared to be

more efficient. Nonetheless, the interpretations of these

research findings in terms of mechanisms connecting

aging, health, and longevity remain elusive. Small

sample sizes are often blamed for the weakness of

genetic signals and the lack of genome wide signifi-

cance. However, recent genetic analyses of human

longevity using larger sample sizes have not improved

the situation (Broer et al. 2015; Deelen et al. 2014). In

Broer end colleagues, the authors used a sample of

6036 longevity cases (persons who survived to age

90 years) and 3757 controls. Their analyses confirmed

the association of FOXO3 and APOE with longevity,

but did not find any new associations aside from the

suggestive evidence forCADM2 andGRIK2. InDeelen

and colleagues the authors used a sample of over

20,000 long-lived individuals. Apart from the well-

known association on the TOMM40/APOE/APOC1

locus, the authors found only one new association, on

chromosome 5q33.3. These results indicate that

increasing sample size does not always resolve the

problems of ‘‘weak signals’’ and lack of replication.

One reason could be the large inherent heterogeneity of

aging and longevity traits. Indeed, an increase in a

sample size may result in an unanticipated increase of

genetic heterogeneity of a trait in a sample (Baird and

Caldas 2013; Eichler et al. 2010; MacRae and Vasan

2011). This possibility underscores the need to take

into account hidden genetic and non-genetic hetero-

geneity in susceptibility to disease and death in

humans. The next section discusses intensive studies

of hidden heterogeneity performed in connection with

their roles in shaping the age patterns ofmortality rates.

Which forces shape the age patterns of human

mortality rates?

Age patterns of mortality rates in population cohorts

represent the integration of the influences of thousands

of factors of genetic and non-genetic origins affecting

individuals’ mortality risks at different periods of their

lives. Remarkably, despite the large number and high

variability of influential factors the age patterns of

mortality rates in laboratory animals and humans at the

‘‘intervals of aging’’ (between ages 35 and 85 years in

humans) follow the Gompertz or Gompertz Makeham

laws (Kirkwood 2015). At late ages the shapes of the

mortality rates may deviate downward from the

Gompertz curve (Carey et al. 1992; Vaupel et al.

1998). To explain such deviations the concept of

hidden heterogeneity in individual mortality risks was

introduced. This concept recognizes that population

members may differ in their health and survival

responses to the same stresses of life, and these

differences together with their distribution in the

population influence the shapes (age patterns) of

observed (total) mortality rates. The heterogeneity

variable may have biological, environmental, or other

interpretations depending on the context, including

study design and conditions (Abbring and Van den

Berg 2007; Carnes and Olshansky 2001; Vaupel and

Yashin 1985; Zajacova et al. 2009). Vaupel and

colleagues introduced important class of survival

models with hidden heterogeneity, called ‘‘frailty

models’’ (Vaupel et al. 1979).

Hidden frailty

In survival analysis, ‘‘frailty’’ is a measure of mortality

risk in the proportional hazards model. Frailty is a non-

negatively distributed random variable that summa-

rizes the unobserved effects of individual genetic and

non-genetic factors on mortality risk. This variable has

an unknown probability distribution. This distribution

and an associated baseline hazard function can be

estimated from mortality data using additional

assumptions. Frailty models were introduced to

explain the deceleration and leveling off of the age

trajectories of mortality rates at late ages. Vaupel and

colleagues summarized the evidence for such behav-

iors for mortality curves calculated from data on large

populations of laboratory animals (Vaupel et al. 1998).

Frailty models were successfully implemented in

analyses of various survival problems (Aalen 1994;

Aalen et al. 2014; Hougaard et al. 1994; Lee et al.

2014a; Semenchenko et al. 2004). Although the fixed

frailty models allowed better descriptions of late age

mortality curves, they provided little information
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about the dynamic biological mechanisms influencing

these curves. To facilitate the study of such mecha-

nisms, models of changing heterogeneity (frailty)

were developed and compared with the fixed frailty

models. It was discovered that that the class of models

with randomly changing heterogeneity variables is

parametrically indistinguishable from the class of

fixed frailty models (Yashin et al. 1994). This finding

indicated that additional information is needed to

better understand the forces and dynamic mechanisms

involved in regulating the age trajectories of mortality

rates. Some information can be added by introducing

explanatory variables (observed covariates) into the

fixed frailty models. The presence of hidden frailty

downwardly biases the estimates of the effects of

observed covariates on mortality risks; hence, hidden

frailty cannot be safely ignored (Hougaard 1995,

1999).

Underutilized research potential of available data

and methods

Models of genetically heterogeneous populations are

useful in genetic analyses of data on human longevity.

They provide efficient methods for the joint analyses

of lifespan data on genotyped and non-genotyped

individuals (Yashin et al. 2007, 1999, 2000). These

methods can be further extended to deal with longi-

tudinal data for genotyped and non-genotyped indi-

viduals (Arbeev et al. 2011). Their use underscores the

importance, for genetic analyses of follow-up data, of

population age structure at the time of biospecimen

(e.g., blood) collection (Yashin et al. 2013b). The

biodemographic view of exceptional longevity facil-

itates the development of efficient methods for

correcting for population stratification in genetic

studies of human longevity (Yashin et al. 2014).

These methods recognize that genetic structure in a

study population generated by differences in ancestry

can be modified by mortality selection. The most

efficient approach is to separate the two sources of

population stratification and use only the first as a

control for stratification in genetic analyses of lifespan

data. Thus, the use of biodemographic ideas, models,

and methods in studying genetic and non-genetic

effects on aging, health, and longevity may substan-

tially improve the quality of analyses. The next section

discusses biodemographic aspects of the connections

between genetic factors and longevity related traits

and their importance in understanding trends in

survival improvement in developed countries and

other parts of the world during the past two to three

centuries (Beltran-Sanchez et al. 2012; Yashin et al.

2001a).

Progress in survival improvement: Insights

for genetic studies of human longevity

The non-Gompertzian behavior of mortality curves at

late ages motivated the development of the hetero-

geneity/frailty models. The unexpected regularities in

survival improvement in populations of developed

countries also required explanation. Figure 1 shows

changes in survival in female populations in Italy

during 1872–2009 and Sweden during 1751–2011.

The changes in male survival in these countries, as

well as in other developed countries during the past

two to three centuries, followed similar patterns.

Survival improvement in the first half of the 20th

century followed the ‘‘rectangularization’’ pattern

(Fig. 1). This pattern was characterized by an increase

in survival for which themean lifespan was increasing,

Fig. 1 The age patterns of survival improvement in Italy (a) and
in Sweden (b) obtained from the Human Mortality Database

(HMDB)
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the variance was declining, and the maximum lifespan

remained about the same. In the second half of the 20th

century the rectangularization pattern of survival

improvement was replaced by an almost parallel shift

of the entire survival curve to the right. The new

pattern was characterized by an increase in the mean

and maximum lifespans, and by almost no changes in

the variance of the lifespan distributions. The reasons

for such improvements were the subjects of intensive

debates for several decades. Some researchers argued

that social and economic developments were respon-

sible for positive trends in health and survival

(Colgrove 2002; Link and Phelan 2002; McKeown

et al. 1975). The better quality of nutrition was

emphasized in (Alfin-Slater 1979; Kesteloot 1993;

Niculescu and Lupu 2011). Others provided evidence

of important roles of health care and advances in

medicine (Abelson 1993; Bunker 2001; Mackenbach

1996). Better understanding of the reasons for these

trends can help us interpret the results of genetic

analyses of human aging and longevity.

Reduction in stress load contributed to survival

improvement

Stress response is the way that living organisms adjust

their behavior and functioning to changing environ-

ments. There are evolutionarily developed connec-

tions between resistance to stresses and longevity

(Calabrese et al. 2011; Epel and Lithgow 2014;

Jazwinski 2005; Kirkwood et al. 2000; Le Bourg

2009; Parsons 1996, 2007; Vermeulen and Loeschcke

2007). Improvements in survival may occur because

of: (i) reductions in harmful stress loads; or (ii)

increases in individual stress resistance. Exposures to

more favorable environmental and living conditions

were likely, over time, to have reduced deleterious

stress loads and improved the survival of individuals.

The biological mechanisms may involve responses to

smaller frequencies and magnitudes of external chal-

lenges (see ‘‘Mortality and aging: how are they

related?’’ section below) resulting in smaller devia-

tions of biological variables from their normal values

(see ‘‘Integrative mortality models’’ section below).

Progress in health care and medicinemay also have

contributed to the continuing mortality decline. The

development of health care andmedicine enhanced each

individual’s limited capacities for coping with diseases

and withstanding other deleterious consequences of

human interactions with harmful and unfriendly envi-

ronments. In other words, progress in health care and

medicine enhanced each organism’s resilience and

resistance to stresses. Such contributions may have

generated the rectangularization pattern of survival

improvement seen in Fig. 1 (Yashin et al. 2012b).

Although the development of the health care industry

followed basic economic principles, this system should

also function in concordance with internal biological

and physiological processes regulated by genes and

modulated by external conditions. The genetic factors

involved in the mediation of the effects of medical

interventions on health status and lifespan are likely to

include those dealing with common responses to stress,

as well as intervention-specific genetic factors. Hence,

the genetic polymorphisms that were able to efficiently

interact with medical and health care interventions

affecting variability in health and longevity are likely to

be detectable in genetic association studies of those

traits.

Better food—longer life?

A third mode of favorable external changes relates to

improved nutrition. Several recent publications pro-

vide evidence that a balanced diet rich in vitamins and

other important nutrients contributes to an increase in

individual resistance to stresses (Bosma-den Boer

et al. 2012; Sisodia and Singh 2012) and, hence, in

lifespan and survival (Cai et al. 2015; Chedraui and

Perez-Lopez 2013; Crous-Bou et al. 2014; Kiefte-de

Jong et al. 2014; Maijo et al. 2014). The metabolism of

different nutrients may involve genes from different

signaling and metabolic pathways (Barzilai et al.

2012). Genetic variants that contribute to variability in

health and lifespan in response to consumption of a

given spectrum of nutrients are likely to be detected in

GWAS of human lifespan and other health and

longevity related traits. Also, improvements in social

and economic status provide better access to health

care and high quality nutrition, leading to additional

improvements in lifespan and survival.

All external factors discussed above dynamically

interact with the aging processes in individuals

comprising each human population to produce the

age patterns of mortality rates for the various birth

cohorts. As mentioned in ‘‘Which forces shape the age

patterns of human mortality rates?’’, section a remark-

able property of such interaction is that the resulting
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mortality rates between ages 30 and 85 always follow

the Gompertz l(x) = aebxor Gompertz-Makeham

l(x) = c ? aebx laws. Time trends in survival

improvement affect the parameters of these curves.

These changes were not arbitrary but followed

remarkable regularity: the parameter c declined during

all years. The changes in the parameters a and b during

the first half of the 20th century showed strong

negative correlations in all developed countries with

parameter a declining, and parameter b increasing.

Thereafter, parameter b stopped increasing, parameter

a continued declining, and no correlations were

observed between a and b (Yashin et al. 2001a,

2002a).

Mortality and aging: how are they related?

The connection between individual aging and mortal-

ity is well understood and widely discussed among

demographers and bio-gerontologists (Atkins et al.

2014; Doubal and Klemera 1990; Economos 1982;

Heller et al. 1998; Jazwinski 2002;Manton and Yashin

2000; Riggs 1992; Yashin et al. 2002b). Aging was

associated with the decline in resistance to stresses in

Drosophila (Semenchenko et al. 2004). The connec-

tion between stress resistance, aging, and longevity

has been addressed in many experimental studies of

aging with laboratory animals (Cypser and Johnson

2002; Epel and Lithgow 2014; Lithgow and Walker

2002; Parsons 2002; Savory et al. 2014; Wu et al.

2008). Some authors use the terms ‘‘decline in

homeostatic capacity’’ or ‘‘homeostenosis’’ as syn-

onyms for the decline in stress resistance and

resilience with age (Shega et al. 2012).

The Gompertz-Makeham function can be repre-

sented in a manner that emphasizes the role of stress

resistance in the connection between aging and

mortality. For this purpose, we first rewrite the

function in the form lðxÞ ¼ cþ aebx0ebðx�x0Þ and then

consider it as a function of two variables

lðx0; yÞ ¼ cþ aebx0ebywhere x0 is some selected

baseline age for an individual, and y = x - x0 is the

number of years lived after that selected age. An

important property is that for a given value of y the

increment of mortality risk increases with increasing

x0 (Fig. 2).

Figure 2 shows that (i) the number of years lived

after a given age can be considered as a risk factor for

individuals who survived to this age; (ii) the risk

Fig. 2 An illustration of a

decline in resistance to

stresses with increasing age

using Gompertz’s model of

human mortality evaluated

for SSA life table data on the

1900-birth cohort, females.

Each additional year of life

lived after age 90 is

associated with higher

mortality risk than each

additional year lived after

age 80. Equivalently, for

each y, the annual increases

in mortality risk are larger

among 90-year old than

among 80-year old

individuals
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function is J-shaped (U- or J-shaped risk functions are

typical of many other risk factors); (iii) the J-shaped

risk function gets narrower with increasing baseline

age, x0. The latter means that the price (measured in

the increment of mortality risk) for the same deviation

of this risk factor (the number of years lived after the

selected baseline age) from zero increases with

increasing age. Although the Gompertz and Gom-

pertz-Makeham mortality models clearly represent

this phenomenon, they do not explicitly describe the

details of the dynamic interactions between individual

aging and environmental stresses. An important step in

this direction was taken by Strehler and Mildvan

(1960).

Strehler and Mildvan model of mortality and aging

In parallel with demographic efforts focused on

developing and implementing models of survival in

heterogeneous populations with a hypothetical vari-

able describing hidden heterogeneity, researchers in

the field of aging recognized the crucial roles of

individual aging-related changes in biomarkers char-

acterizing metabolic and other functioning in mortal-

ity risk. The reviews of physiological studies of aging

carried out in the middle of the last century showed

that physiological parameters characterizing many

human biological capacities tended to decline almost

linearly with age. To reconcile a linear aging-related

decline in biological capacities with exponential

increases in the rate of mortality, Strehler andMildvan

(1960) proposed their model of aging and mortality

(SM-model).

Gompertz’s parameters characterize interaction

between aging and environment

In the SM-model, death is viewed as resulting from the

interaction of an aging-related decline in each organ-

ism’s ‘‘vitality’’ function with a random process of

external or internal challenges that are transformed to

a process of energy demands for the organism. The

hypothetical vitality function can be interpreted here

as a measure of stress resistance. According to the

SM-model, the death rate at a given age is proportional

to ‘‘the frequency of stresses which surpass the ability

of a subsystem to restore the initial conditions’’ at

that age. The authors showed that, under such an

assumption, the exponential increase in mortality

(Gompertz’s curve) results from the linear decline in

vitality. The model allowed them to explain the

negative correlation between the two parameters of the

Gompertz curve (SM-correlation) observed in empir-

ical studies of the age patterns of mortality rates. The

rectangularization pattern of survival improvement

during the first half of the 20th century in developed

countries was in accordance with the SM correlation,

as predicted by the SM-model. These changes were

linked to a decline in the frequencies and average

magnitudes of stresses of life experienced by subse-

quent population cohorts (Yashin et al. 2001a, 2002a).

Further development of this model can be found in (Li

et al. 2013; Zheng et al. 2011). These extensions

accommodated the later patterns of survival improve-

ment that corresponded to almost parallel shift of

survival curve to the right (Li and Anderson 2015).

The importance of these studies lies in the fact that

survival improvements can be explained by interac-

tions between external challenges and internal aging-

related changes. Several useful insights into the

genetics of human longevity follow from these

analyses.

Genetics of stress resistance and longevity

A rectangularization pattern of survival improvement

was also exhibited among individuals in the original

FraminghamHeart Study (FHS) cohort grouped by the

number of longevity alleles that they carried (Yashin

et al. 2012b). Since the environmental conditions were

the same for each group, the SM model linked better

survival with higher initial values of the vitality

function, suggesting that exceptional survival was

likely to have a genetic background. The more

longevity alleles that were carried by study partici-

pants the higher was their initial stress resistance (the

initial value of the vitality function). In terms of

genetic functions, the resistance to stresses is associ-

ated with DNA repair capacity, redundancy, and other

functions that increase the resilience, or robustness, of

each organism. A useful illustration of how increased

resilience can influence survival derives from the

model of saving lives (Vaupel and Yashin 1987). An

increase in the ‘‘number of lives being saved’’ for

individuals in the population is interpreted as an

increase in redundancy: for each life lost (premature

death), the decedent has one or more ‘‘redundant’’
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lives, depending on the relevant advances in medical

technology (Yashin et al. 2012b).

The use of a measure of stress resistance (vitality)

that is only hypothetical is a critical limitation of the

SM model. To develop this concept for more realistic

investigations, additional information and model

extensions are required. The most promising sources

of new information are the individual-level longitudi-

nal data files currently being assembled at multiple

sites under NIH funding. Longitudinal data on aging,

health, and longevity are needed to study the connec-

tions between mortality and resistance to stresses

when such stresses are represented as deviations of

physiological variables from their normal values.

Genetic data are needed for participants in longitudi-

nal studies to analyze the roles of genetic factors in

such connections. Both types of data are collected

routinely in many longitudinal studies (e.g., FHS,

Long Life Family Study, Health and Retirement

Study, etc.). Comprehensive analyses of such data

can be performed using the new integrative mortality

models (Yashin et al. 2011) discussed in the next

section.

Integrative mortality models

How can one develop a mortality model whose

parameters characterize aging-related declines in

health and physiological/biological functioning and

other factors that contribute to mortality risk? To

address this question one first has to specify a list of

health disorders whose effects on mortality are to be

investigated, identify potential influential factors (e.g.,

genetic and non-genetic), and a set of biomarkers that

could properly represent declines in physiological/

biological functioning with increasing age. Then one

has to find a proper functional form for the conditional

hazard rate to link these variables with mortality risks.

The dynamic mechanisms of changes in health,

physiological variables, and other biomarkers with

increasing age should be described as well. Such a

description should include the possibility of external

and internal challenges, adaptive and compensatory

responses of organisms to these challenges, as well as

stochastic influences.

Stochastic process models of human mortality

and aging

Although the approaches based on the fixed frailty

model are flexible and useful in many applications,

their applicability to analyses of aging is limited

because they do not take into account important

variables and dynamic mechanisms of aging-related

changes. Analyses of aging-related changes in phys-

iological variables require a model that represents the

individual age trajectories for these variables. Such a

representation is illustrated in Fig. 3.

The scheme in Fig. 3 is equivalent to the following

stochastic differential equation with respect to the phys-

iological variable Yt (t is age, G denotes genotype/allele):

),,( GYt tμ

1( , )tY f t G−
1( , )f t G

( , )B t G

tW

( , )a t G
tY

tY

Gt M

∫

Fig. 3 Scheme illustrating the mechanism that regulates age

trajectories of individual physiological variables in the stochas-

tic process model of humanmortality and aging. The white noise

Wt, enhanced by the coefficient B(t,G) and the difference

between the value of the physiological variable Yt and the effect

of allostatic adaptation f1(t,G) multiplied by the negative

feedback coefficient a(t,G) are added and integrated to produce

the value of the physiological variable Yt at age t. The variable Yt
is used in the feedback regulation mechanism. Taken together

with age, t, and genetic background,G, the variable Yt is used for

evaluating the mortality risk l(t, Yt, G) at age t
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dYt ¼ aðt;GÞðYt � f1ðt;GÞÞdt þ Bðt;GÞdWt; ð1Þ

This equation is solved using the initial condition

Yt0 ¼ Y0. The coefficients a(t,G), f1(t,G), and B(t,G)

characterize adaptive capacity, the effect of allostatic

adaptation, and the strength of the stochastic compo-

nent that modulates the effects of the Wiener process

(Wt), respectively. Adaptive capacity is an important

characteristic of aging because it tends to decline with

age (homeostenosis) (Lund et al. 2002; Troncale

1996). The effect of allostatic adaptation integrates the

influence of many external and internal challenges on

physiological variable and it is used for evaluating

allostatic load. Note that, although the notions of the

effect of allostatic adaptation and allostatic load are

conceptually close to those discussed in Seeman et al.

(2001) and Karlamangla et al. (2006), our mathemat-

ical description looks different from theirs because it is

adapted to the structure of our model.

Allostatic load is defined as a difference between the

effect of allostatic adaptation and the age-specific

physiological norm. The need for conceptualizing the

notion of norm has been widely discussed (Lewington

et al. 2002; Palatini 1999;Westin andHeath 2005). It is

logical to define such a norm as the value of the

physiological variable that minimizes the U-shaped

mortality risk at a given age; in this case, the norm

represents the optimal value of the variable. The use of

the quadratic function for mortality risks allows us to

capture the decline in stress resistance with age

(Yashin et al. 2012a). The age dynamics of influential

factors (e.g., physiological variables) in connection

with mortality risks have been described using a

stochastic process model of humanmortality and aging

(Woodbury and Manton 1977). Recent extensions of

this model incorporating hidden biomarkers of aging

into themodel’s structure have been used in analyses of

FHS longitudinal data on aging, health, and longevity;

see (Yashin et al. 2012a) and the references therein.

The U-shaped mortality risk captures the decline

in stress resistance

Many epidemiological studies provide evidence of U-

or J-shaped risks as functions of different physiolog-

ical characteristics of health (Allison et al. 1997;

Boutitie et al. 2002; Kulminski et al. 2008; Kuzuya

et al. 2008; Mazza et al. 2007; Okumiya et al. 1999;

Protogerou et al. 2007; Troiano et al. 1996; Witteman

et al. 1994). Therefore, the use of such quadratic (U- or

J- shaped) hazards in the analytic models is biolog-

ically meaningful (Yashin et al. 2012a). The implica-

tions of using a quadratic form for the conditional

hazard rate in analyses of aging and longevity from

longitudinal data are illustrated in Fig. 4.

Figure 4 corresponds to the following representation

of the hazard rate l(t, Yt, G)for individuals at age t:

lðt; Yt;GÞ ¼ l0ðt;GÞ þ ðYt � f0ðt;GÞÞ�Qðt;GÞðYt
� f0ðt;GÞÞ

ð2Þ

Here l0(t, G) is a genotype-specific baseline hazard,
f0(t, G) is the genotype-specific physiological norm,

Q(t, G) is a genotype-specific matrix regulating the

width of the paraboloid (Fig. 4) at different times of life,

and the symbol ‘‘*’’ denotes transposition. The advan-

tage of using this approach for analysis of longitudinal

data is that it allows all of the concepts andmechanisms

of aging-related changes in physiological variables and

other biomarkers mentioned above to be incorporated

into the model under a common framework. The

version of the stochastic process model for analyses of

genetic datawas developed in (Arbeev et al. 2009). This

model and its extensions are described by a random

Markov process that satisfies a diffusion type stochastic

differential equation. This stochastic process is stopped

at the random time associated with each individual’s

lifespan. The quadratic hazard assumption for the

conditional mortality risk, given covariate values and

certain regularity conditions, guarantees a Gaussian

property for the conditional distribution of the covariate

values at each given age. This property allows aging-

related changes of the covariates to be described

parsimoniously in terms of the first two conditional

moments of a multidimensional Gaussian distribution.

For each given age, these conditional moments char-

acterize the distributions of physiological variables and

other biomarkers among themembers of the population

cohort who survive to this age.

Estimating genetics of stress resistance

from longitudinal data

One advantage of using longitudinal data in studies of

genetic influences on longevity is the possibility of

constructing empirical survival functions and age

trajectories of physiological variables for the sub-
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cohorts of carriers and non-carriers of alleles or

genotypes detected in association studies (Yashin et al.

2013a). Such possibilities do not exist in case–control

association studies when only two age groups of

individuals are compared. The use of integrative

mortality models opens an additional opportunity for

studying how genetic factors associated with lifespan

influence age trajectories of hidden biomarkers of

aging, such as effects of allostatic adaptation, stress

resistance, adaptive capacity, physiological norm,

allostatic load, etc. These biomarkers are usually not

measured in longitudinal studies. However, they

modulate mortality risk and may influence age trajec-

tories of other variables measured in the study. One

such hidden biomarker characterizes resistance to

stresses. In the integrative mortality models, this

variable is represented by the coefficients describing

the U-shaped mortality risk as a function of observed

covariates. In the one-dimensional case, such mortal-

ity risk is represented by the following quadratic

function l(t, Yt, G) = l0(t, G) ? l1(t, G)(Yt - f0(t, G))
2,

where the notation l1(t, G) is used instead of Q(t,G)

in (2). The coefficient l1(t, G)characterizes stress

resistance. It regulates the width of the U-shaped risk

function (Fig. 4). When the value of this coefficient

is small (the U-shape is wide) the risk function is

less sensitive to small deviations of Yt from the norm.

This is the case of better stress resistance. When the

value of this coefficient is high (the U-shape is narrow)

the risk function is sensitive to small deviations of Yt
from the norm. This is the case of worse stress

resistance. The changes in stress resistance over age

are illustrated in Fig. 5, which shows the graphs of the

quadratic components of the conditional hazards for

serum cholesterol, separately for members of the FHS

original cohort who were carriers and non-carriers of

the APOE e4 allele.

Stress resistance (i.e., the width of the U-shaped

mortality risk) among carriers of the APOE e4 allele

declined faster with age than among non-carriers of

this allele.

Discussion

From the statistical point of view human lifespan can

be represented as a nonnegative random variable

characterized by some probability distribution.

Because influential factors may affect this distribution

in thousands of different ways, many patterns of

survival changes in response to changing environment

are possible. Nonetheless, the changes in lifespan

distribution during the last two to three centuries

followed only two basic patterns. The first was

age  80

Mortality Risk

age  30

Y2

Y1

Old people have 
smaller stress 

resistance
Young people have 

larger stress 
resistance

Age trajectory of 
physiological norm 

Individual age 
trajectory 

Fig. 4 Illustration of

hypothetical two-

dimensional U-shaped

mortality risks (quadratic

hazards) considered as a

function of two risk factors

Y1x and Y2x (e.g.,

physiological variables) for

30- and 80-year old

individuals. The width of

each paraboloid

characterizes resistance to

stresses for the young and

old individuals. The

coordinates of the minimal

values of each paraboloid

correspond to physiological

norms. The model allows

the normal values to be

different at different ages.

Individual physiological

states are allowed to change

with increasing age
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associated with rectangularization of the survival

curve (described by the SM correlation between the

two Gompertz parameters a and b). Then, in the

middle of the 20th century, the rectangularization was

replaced by another pattern: an almost parallel shift of

the entire survival curve to the right. This second

pattern was characterized by an increase in the right

tail of the lifespan distribution, which raised an

important question: Did people with extreme long-

evity from distinct birth cohorts, i.e., who had

lifespans from these right tails, have the same genetic

backgrounds? One answer is ‘‘no’’ because lifespan is

a multifactorial trait determined by genetic and non-

genetic (environmental) factors, and human environ-

ments experienced substantial changes during the last

century. At the same time, the fact that mechanisms of

genetic regulation of human aging and longevity are

evolutionary conserved indicates high possibility of

detecting associations with genes from corresponding

signaling and metabolic pathways that suppose func-

tion in different environments.

Exposures to different types of environments may

involve different genes and molecular biological

pathways affecting lifespan regulation; hence, sets of

genetic variants detected in GWAS of human long-

evity in independent populations may differ if people

in these populations were exposed to different envi-

ronments. Since exposures of populations to environ-

mental conditions are hard to measure, one can expect

difficulties in replication of findings using independent

populations. If genetic factors involved in survival

responses are sensitive to the spectrum of external

challenges, one can expect that genetic variants

contributing to exceptional longevity a hundred or

more years ago may not be responsible for such traits

today (Yashin et al. 2001b). The concept of the ‘‘norm

of reaction’’ can help us better understand what

information is needed to clarify the effects of gene/

environment (GxE) interactions on lifespan.

The concept of the norm of reaction of a genotype

with respect to a given phenotype (Aubin-Horth and

Renn 2009; Nussey et al. 2007; Scheiner and Holt

2012) describes the pattern of phenotypic variation of

a single genotype across a range of environmental

conditions. For each given genotype, there is a curve

that relates the contribution of environmental variation

to observed phenotypic variation. The concept of the

norm of reaction also clarifies how carriers of two

different genotypes may produce different phenotypic

responses to the same environmental conditions (Flatt

2014). They also may have different responses to the

same changes in these conditions over time.

The estimates of the norm of reaction for human

health and longevity traits (as well as for many other

traits) are difficult to obtain using data from observa-

tional longitudinal studies. This is because thousands

of external factors may contribute to the variability of

these traits and many exposures of study subjects to

such factors are difficult to measure due to the large

numbers of such factors, the dynamic nature of

exposures to them, the high cost related to their

identification and measurement, etc. How, then, can

one evaluate the long-term effects of genetic factors on

health and longevity using limited information about

environmental exposures of study subjects? Fortu-

nately, even limited information is useful for clarify-

ing the dynamic connections among, aging, health and

longevity. The notion of allostatic adaptation and

allostatic load incorporated into the integrative mor-

tality models can help in addressing this issue for the

Fig. 5 The changes in the U-shapes of mortality risks with

increasing age for carriers (a) and non-carriers (b) of the APOE
e4 allele evaluated from data on serum cholesterol and survival

for individuals from the original FHS cohort
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case of many unobserved influential factors using

longitudinal data for several generations of people

(Yashin et al. 2012a).

Changes in the spectrum, frequencies, and magni-

tudes of external stresses affecting individuals may

induce changes in the biological mechanisms underly-

ing their genetic responses. One can expect that

biological responses to the same external challenges

may involve different sets of genes in individuals having

distinct genetic backgrounds. Such responses may also

differ at different periods of persons’ lives because of

aging-related changes or histories of exposure to

different environments. Genetic variants that were

involved in lifespan regulation at different age intervals

of human life are also likely to make contributions to

lifespan variability. These variants are likely to be

detected in genetic association studies of lifespan.

Additional biodemographic information for genetic

analyses of human aging, health, and longevity could

come from recognizing that human populations con-

sist of families and family members, i.e., groups of

individuals who share many genetic and non-genetic

factors. For this reason the lifespans and other

complex traits of family members are likely to be

dependent variables. An important class of extended

fixed frailty models describes survival in related

individuals (e.g., twins, sibs, and other relatives)

(Yashin et al. 1995). Multivariate survival models

were used for estimating the heritability of individual

susceptibility to death (Yashin and Iachine 1995) as

well as the heritability of mortality by cause (Wienke

2010). The dependence among individuals is respon-

sible for many interesting properties observed in

studies of aging, health, and longevity. In particular,

the fact that extreme longevity tends to run in families

is a consequence of a positive correlation among

lifespans of family members. This property demon-

strates the high potential of multivariate survival

models for studying factors and mechanisms affecting

exceptional survival in families (Yashin and Iachine

1999a, b). Therefore, the estimates of individual

frailties can be used as new, measured traits for

genetic analyses of human longevity. Numerical

values of these traits can be estimated for individuals

with and without censored lifespans.

The multivariate survival models may also be used

for studying dependent events (e.g., development of

co-morbidity and multi-morbidity) in elderly individ-

uals. The health problems of the elderly are associated

with the presence of multiple chronic diseases that

have a number of common risk factors and therefore

are not independent, in contrast to infectious diseases.

Dependence among diseases means that any action

(preventive or treatment) that involves changes in the

risk of one disease may also affect (positively or

negatively) the risks of other diseases. So any strategy

for the reduction of disease burden or eradication of

some target disease has to take the underlying

mechanisms of disease dependence into account

(Yashin et al. 1986). Evidence for the trade-offs

between cancer and other diseases (such as heart

disease, stroke, diabetes, Alzheimer’s and Parkinson’s

diseases, and asthma) as well as the connection

between cancer and aging changes were discussed in

(Yashin et al. 2009). Note that the meaning of the term

heterogeneity as used by many genetic epidemiolo-

gists differs from the meaning in demographic and

epidemiological studies. In genetic epidemiology this

term refers to the situation where the same value of a

trait can be determined by several hidden genetic (or

non-genetic) factors. Many such situations can be well

described using multivariate heterogeneity variables.

Personalized prevention and treatment requires an

understanding of the long-term consequences of the

available interventions. It is well understood that

increasingly efficient and effective strategies for

maintaining long and healthy life will have to use

information about each person’s genetic background.

It is also well known that lifespan and healthy lifespan

are multifactorial traits that are subject to the dynamic

influences of non-genetic factors during the life

course. Better understanding of how genetic and

non-genetic factors dynamically interplay with each

other during the aging process to form health and

longevity traits, and of which biomarkers and pro-

cesses are involved in mediation of these influences, is

needed to develop personalized approaches to pre-

vention and treatment of aging-related diseases. This

means that information on a person’s genetic back-

ground alone is not sufficient to efficiently maintain

healthy and long life. For successful maintenance of

people’s health, what is needed are good estimates of

the long-term effects of genetic and non-genetic

factors as well as GxE interactions on health and

survival outcomes. This, in turn, requires an under-

standing of how the dynamic effects of persistent

external disturbances (e.g., medications, diet, emo-

tional or other stresses of life, exposure to
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environmental contaminants, etc.) on health and

survival outcomes are integrated and how such

integration may differ for individuals with different

genetic backgrounds. An important insight into per-

sonalized aspects of prevention and treatment is that

the effects of genetic factors on lifespan and healthy

lifespan are not fixed for each individual, as assumed,

say, in models used in heritability estimates. These

effects may vary greatly depending on an individual’s

history of environmental exposures, his/her age,

genetic background, etc.

How do environmental changes influence aging,

health, and longevity traits of individuals? It is clear

that the changes in survival in Fig. 1 resulted from the

interplay among external conditions, genetic factors,

ontogenetic, senescent, and other processes in indi-

viduals comprising the specific human populations. At

first glance, it may appear that such changes have little

or nothing to do with genes, because it is quite unlikely

that the genetic backgrounds of the countries’ resi-

dents changed substantially during the relatively short

time periods involved. This point of view, however, is

oversimplified because it assumes the existence of

biological mechanisms through which the environ-

ment can modulate phenotypic traits—without involv-

ing genes. In reality, genes are always involved in such

changes: they transform the signals from external

challenges into the organism’s biological and, ulti-

mately, health/survival responses. The specific genes

involved in forming these responses are likely to be

detected in GWAS of human aging, health, and

longevity. Thus, the genetic mechanisms involved in

transforming environmental signals into metabolic

and other biological responses account for the influ-

ences of external challenges on phenotypic traits.

The changes in survival in Fig. 1 demonstrate the

effects of at least three types of GxE interactions on

lifespan. One type (e.g., better living and working

conditions) reduced the frequency and average magni-

tude of environmental stresses. The second type

enhanced stress resistance and resilience of human

organisms through advances in medicine and better

health care. The third type improved individual stress

resistance in response to better quality of nutrition and

other components of metabolic processes. For all three

cases, exposures to new conditions may have activated

new genes and inactivated others. The genetic variants

related to genes that interacted with different external

conditions and contributed to changes in lifespan during

an individual’s life course are likely to be detected in

GWAS of human aging and lifespan. One question

remains for further research: Why do the populations of

the two countries in Fig. 1 have similar age patterns of

survival improvement despite different genetic back-

grounds of their individuals, different cultural traditions,

climate, and other environmental and living conditions?

Pleiotropic associations of genetic variants

The genetic connections between aging and diseases

imply that genes involved in the regulation of aging-

related processes could also be involved in regulating

not just one age-related disease, but perhaps a major

subset of such diseases (Butler et al. 2008;Martin et al.

2007). If true, then aging-related genes should be

among those predisposing to multiple health traits.

The accumulating evidence indicates that genes with

pleiotropic effects are likely to be involved in

regulating fundamental biological processes in an

organism (Chavali et al. 2010; Goh et al. 2007). Better

understanding of the underlying mechanisms of

pleiotropy and the connections of these mechanisms

with those regulating aging and lifespan will advance

the rate of progress in extending health span and

developing personalized medicine (Jain 2002).

The estimates of the effects of genetic factors on

lifespan depend on many conditions, including indi-

vidual genetic backgrounds, exposure to external and

internal factors, health status, age, and others. To

illustrate, consider an example of age dependence for

which an initially harmful common genetic variant,

i.e., a variant that increases mortality risk among

young adults, may become neutral around ages 70 or

80 years and may manifest beneficial effects on

survival thereafter—thereby contributing to living to

100 years. For this case, the genetic variants associ-

ated with exceptional longevity may not be rare: the

initial frequency of such an allele can be substantially

higher than 1 %. It may be smaller around age 70–80

and then increase again. Such age trajectories of

genetic frequencies were actually observed in genetic

studies of centenarians (Atzmon et al. 2006; Bergman

et al. 2007; De Benedictis et al. 1998; Yashin et al.

1999). Unexpectedly high frequencies of genetic risk

alleles among oldest-old individuals were also

observed in other studies (Beekman et al. 2010; Rose

et al. 2001; Ukraintseva et al. 2012). Many genetic

variants have pleiotropic effects on several phenotypic
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traits. Taking these effects into account may improve

the quality of genetic analyses (Bolormaa et al. 2014;

Mills et al. 2014; Solovieff et al. 2013; van Vliet-

Ostaptchouk et al. 2013).

The improvement of our conceptual framework

might substantially increase the efficiency of genetic

analyses. Further development and implementation of

the methods of systems biology in the analysis of data

look promising (Yashin and Jazwinski 2014). Studying

the effects of rare combinations of interacting common

genetic variants (epistasis) or the absence of large

numbers of harmful common variants that increase

mortality risk at the old and the oldest-old ages may

make substantial contributions to our understanding of

exceptional longevity. Exceptional longevity may also

result from beneficial effects of interactions between

common variants and environmental factors (GxE-

interaction effects). The continuing improvement in

survival (Fig. 1) and unprecedented concurrent

increases in the proportion of centenarians in developed

countries provide strong evidence for age-specific GxE

interaction effects on mortality risks. Many experts

have offered (often controversial) opinions concerning

the environmental factors responsible for these

changes. Nonetheless, the details of the biological

responses and mechanisms affecting the aging, health,

and survival improvements still remain unknown.

The body of knowledge of various aspects of genetic

influence on aging, health, and longevity continues to

increase. These aspects include data on whole-genome

sequencing, gene expression, epigenetics, etc. Such

knowledge is gathered for individuals from longitudi-

nal studies, case–control studies, patients in hospitals,

volunteers, etc. Each new type of genetic data brings

new information for studying how people age, how

their health deteriorates, and how these changes affect

lifespan. This information can be integrated and used

to gain insight into alternative ways of slowing or

postponing such health deterioration. Through analy-

ses of these data, new roles of genetic factors in

forming biological responses to external challenges

will be elucidated. Questions regarding the dynamic

interactions between external factors and biological

mechanisms will be of crucial importance. Although

dealing with such genetic data provides new opportu-

nities for researchers, it does not automatically lead to

understanding the connections between genetic factors

and aging, health, and longevity traits; instead, the new

opportunities create new challenges. The presence of

many rare SNPs increases the number of statistical

tests, which aggravates the problem of correcting for

multiple testing. Dealing with low allelic frequencies

requires larger sample sizes, which may be difficult for

human studies. The methodologies for genetic analy-

ses have to be adequately adjusted as well (Asimit and

Zeggini 2010; Basu and Pan 2011; Feng et al. 2015;

Feng and Zhu 2012; Lee et al. 2014b).

The need for developing effective strategies for

maintaining good health for the elderly over longer

time periods motivates the quest for deeper insights

into the nature of individual aging processes and their

relationships with health and survival outcomes. This

requires information not only on individuals’ genetic

backgrounds but also on personalized aspects of

genetic interactions with external forces and condi-

tions, as well as on genetic and non-genetic influences

on health and survival outcomes, and a better under-

standing of how those influences are mediated by

physiological variables and other biomarkers. The

data containing such information and the correspond-

ing advanced methods needed for their analyses are

being developed and made available to the research

community. The methods of systems biology com-

bined with integrative statistical modeling and anal-

yses of longitudinal data on genotyped individuals are

likely to make substantial contributions to clarifying

the connections among aging, health, and longevity.
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