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Abstract
Background—Correcting for the potential effects of population stratification is an important
issue in genome wide association studies (GWAS) of complex traits. Principal component analysis
(PCA) of the genetic structure of the population under study with subsequent incorporation of the
first several principal components (PCs) in the GWAS regression model is often used for this
purpose.
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Problem—For longevity related traits such a correction may negatively affect the accuracy of
genetic analyses. This is because PCs may capture genetic structure induced by mortality selection
processes in genetically heterogeneous populations.
Data and Methods—We used the Framingham Heart Study data on life span and on individual
genetic background to construct two sets of PCs. One was constructed to separate population
stratification due to differences in ancestry from that induced by mortality selection. The other was
constructed using genetic data on individuals of different ages without attempting to separate the
ancestry effects from the mortality selection effects. The GWASs of human life span were
performed using the first 20 PCs from each of the selected sets to control for possible population
stratification.
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Results—The results indicated that the GWAS that used the PC set separating population
stratification induced by mortality selection from differences in ancestry produced stronger genetic
signals than the GWAS that used PCs without such separation.
Conclusion—The quality of genetic estimates in GWAS can be improved when changes in
genetic structure caused by mortality selection are taken into account in controlling for possible
effects of population stratification.
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INTRODUCTION
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Despite evident progress in understanding systemic biological mechanisms involved in the
regulation of aging related changes and life span in humans, many problems remain
unsolved and continue challenging researchers. One such problem deals with the low
effectiveness of the genome wide association studies (GWAS) of human aging and
longevity: most estimated associations do not reach the genome wide level of statistical
significance and suffer from the lack of replication [1–5]. Several reasons are likely to be
responsible for this situation. Their better understanding will create a background for
obtaining more accurate estimates of genetic parameters.
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One reason is fundamental: it is due to the fact that complicated relationships between
genotypes and phenotypes are not properly described by the simple statistical models used in
GWAS. For example, the effects of some genetic variants on mortality risks differ at distinct
age intervals (e.g., harmful effects of genetic markers at one age interval can become neutral
or even beneficial at the next [6–8]. These effects may depend on other genetic variants
carried by individuals, as well as non-genetic (e.g., environmental, behavioral, socialeconomic) factors that change over age and time. Such relationships between genetic factors
and mortality risks are difficult to study efficiently in the framework of Cox’s regression
model. This is because Cox’s model assumes the proportionality of hazards. This
assumption does not allow us to distinguish between intersecting hazard rates for carriers
and non-carriers of genetic variants. The genetic factors with such effects were detected in
[6, 7] and later confirmed in [9–11]. More sophisticated approaches are needed to address
the complexity of the dynamic relationships between genotypes and phenotypes [12].
Another reason is less fundamental but not less important. It may be due to the underutilized
potential of data available for analyses. Using the fact that human populations are
genetically heterogeneous, and that the absence of genetic measurements is a special kind of
missing data problem, one can develop efficient methods of analyses that take such
incompleteness of data into account. Approaches that benefit from joint analyses of genetic
and non-genetic data in genetic studies of centenarians are described in [6, 7]. More
sophisticated elaborations of these problems are described in [13–15].
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A third reason is the lack of attention to the bio demographic nature of the data on human
life span. These data reflect the process of mortality selection in a genetically heterogeneous
population. Individuals in such populations have genetic differences in individual
susceptibility to death. The presence of such differences is assumed in any genetic study of
human longevity. In [6, 7] we showed how the effectiveness of statistical methods can be
substantially improved when the genetic heterogeneity of the population under study is
taken into account in statistical analyses of data.
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One more opportunity is to make the procedure of controlling for population stratification in
GWAS of human longevity more efficient. This opportunity is investigated below. We show
that methods of correcting for the potential effects of population stratification traditionally
used in GWAS have to be used with care when the data are subject to mortality selection.
Improper use of these methods may substantially reduce the accuracy of genetic analyses in
GWAS of human longevity. We present an approach that avoids such problems and
improves p-values of associations estimated in GWAS of human longevity.

MATERIALS AND METHODS
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Traditional methods of controlling for population stratification using PCA do not pay
attention to the age structure of the population at the time of bio-specimen (e.g., blood)
collection [16]. Such an approach may result in inefficient genetic analyses of human
longevity because in addition to genetic differences in ancestry the selected PCs may capture
genetic structure induced by mortality selection processes. The development of efficient
methods of GWAS requires separating the effects of population stratification due to
differences in ancestry from those induced by mortality selection. For this purpose we used
data on genotyped individuals collected in the Framingham Heart Study (FHS) [17]. The
genetic data were represented by 550,000 SNPs. Genotyping was conducted using
Affymetrix 500K and 50K (non-overlapping) arrays. The life span data were available for
1529 participants from the Original FHS cohort. The quality control (QC) procedure
included 95% call rate for the sample and 95% call rate for SNPs, HWE p-value >1E-7.
After applying the QC procedure, the data on 1111 individuals with data on life span and
429,783 SNPs were available for analyses. Following Price [16] we constructed a set of
principal components (PC)s using 1009 unrelated individuals out of 1111 members of the
Original Framingham cohort. Note that this group included individuals of different ages.
Then we applied a mixed effect model realized in the EMMAX computer program [18] to
perform GWAS of human life span separately for 432 males and 679 females using the first
20 PCs, smoking habit (ever or never), and birth cohorts as observed covariates.
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Then we constructed the second set of PCs using data on 1625 unrelated members of the Off
spring FHS cohort whose ages did not exceed 60 years at the time of bio specimen
collection and repeated GWAS of life span data on the same individuals with the new set of
PCs keeping other covariates the same. Note that almost all individuals from this cohort
have data on life span. For 204 study subjects with censored life spans the life span data
were imputed by adding mean residual life span to each age at censoring. We expected that
the p-values of genetic associations obtained in GWAS of human life span for the same
genetic variants will be smaller for analyses based on the second set of PCs (constructed
from the data on younger individuals from the Offspring FHS cohort) than in those based on
the corresponding analyses of the first set of PCs (constructed from the data on individuals
of all age categories from the Original FHS cohort). The QQ-plots of observed p-values
versus p-values corresponding to the null-hypotheses are used to compare the results of
analyses.
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RESULTS AND DISCUSSION
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The results of the analyses are shown in the QQ-plots in the four panels of Figure 1 for
males and females. The association signals were substantially stronger in the case where the
PCs were constructed using data on individuals whose ages did not exceed age 60. These
results indicate that the effects of mortality selection may influence the genetic structure of
the population cohort when its members are getting older. If at the time of bio-specimen
collection the study population comprises individuals of different ages (e.g., young adults;
old and oldest-old individuals) then, in addition to genetic structure due to differences in
ancestry, the PCs constructed from genetic data on such a population will capture genetic
structure due to mortality selection in the subgroup of individuals surviving to the old and
oldest-old ages. In this case the correction for population stratification performed by
including PCs as observed covariates in genetic models will tend to reduce or nullify the
estimates of the associations of genetic variants with the targeted longevity traits (i.e.,
genetic variants increasing or reducing mortality risks).
Controlling for Population Stratification in GWAS
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Population stratification is caused by nonrandom mating between groups of individuals.
This is often due to earlier physical separation of subpopulations followed by different
patterns of genetic drift of allele frequencies in each group. It may take many generations of
random mating to eliminate this type of stratification. Population stratification can be a
problem for genetic studies of complex traits where the association found could be due to
the underlying structure of the population. A widely used approach for correcting for
population stratification is based on principal component analysis (PCA) [16]. The method
identifies several top principal components (PCs) and uses them as observed covariates in
the association analyses. However, the PCA approach may not properly adjust for
population stratification in genetic studies of human longevity if the population under study
at the time of bio-specimen (e.g., blood) collection is represented by individuals of different
age groups including young adults and old and oldest-old individuals. This is because
mortality selection may generate additional genetic structure in the study population. This
additional structure which involves genetic variants affecting life span may be inadvertently
captured by the selected principal components. Hence, controlling for the potential effects of
population stratification in GWAS of human aging and longevity may reduce or completely
eliminate the association of genetic variants with longevity traits, i.e., it may weaken the
signals from the genetic variants one is trying to detect.
Mortality selection modifies the genetic structure of the population
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Genetic analyses of human longevity are based on the assumption that some genetic variants
or combinations of such variants have positive or negative effects on human life span. In
other words these genetic factors may reduce or increase mortality risk. Many other variants
and genetic combinations have nothing to do with longevity and they do not affect mortality
risk. This means that the population under study is genetically heterogeneous. It is well
known from demography that heterogeneous population cohorts experience a process of
mortality selection in which genetically frail or vulnerable individuals tend to die first
leaving more genetically robust individuals in the cohort [19]. This process changes the
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genetic structure of the population cohort, which means that the frequencies of genetic
variants as well as combinations of variants that affect life span (mortality risks) change as
the age of the cohort members increases. An important insight from this observation is that
the genetic structure of a population comprising sub-populations of individuals of different
ages may differ from that of a population of individuals of the same age, e.g., a given birth
cohort, for which the only source of genetic structure at birth, or at any age prior to
significant selective mortality, is due to differences in ancestry.
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Although the need for correcting for the potential effects of population stratification in
GWAS is clear and is recognized in many publications, most researchers do not recognize
that the genetic structure generated by mortality selection should be distinguished from that
due to differences in ancestry. Ignoring the difference between these two sources of genetic
structure may result in the loss of power in genetic analyses, weak genetic signals; and
failure to replicate research findings. Hence, the straight forward use of PCA may be an
inefficient method for correcting for the potential effects of population stratification in
GWAS of human longevity.

CONCLUSION
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These analyses underscore the importance of taking the bio demographic nature of the data
into account in genetic association studies. Specifically, if genes are involved in life span
regulation then the genetic structure of the population cohorts must change with age. The
presence of individuals of different ages (including old and oldest-old individuals) in the
study population induces additional genetic structure due to mortality selection. This
structure may be captured by the PCs used to correct for the potential effects of population
stratification. The use of such PCs in GWAS regression models may compromise the results
of the analyses: the estimates of the effects of genetic variants affecting mortality risk may
be reduced. A practical way of addressing this problem is to construct PCs using the
younger part of the study population (e.g., the subpopulation of offspring that have not
reached age 60 years) that did not yet experience significant mortality selection. Such PCs
are likely to capture the effects of population stratification due to differences in ancestry. At
the same time, they will allow an evaluation of the effects of genetic variants involved in the
mortality selection process. Detecting such variants is the primary goal of the GWAS of
human life span.
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The evaluation of how much the initial genetic structure of the cohort will change in
transition from young to the old and from old to the oldest old ages requires additional
study. The results will depend on our understanding of the details of genetic mechanisms
involved in regulation of aging and longevity, the number of genes involved in mortality
selection process in humans, the effects of their mutual interactions, as well as their
interactions with external forces and conditions on life span. These analyses will require
new models of mortality selection in genetically heterogeneous populations. Such models
have to allow for incorporating available knowledge about genetics of aging and longevity
in statistical analyses of data, testing hypotheses about mechanisms of genetic influence on
health and longevity related traits, roles of separate genes, signaling and metabolic
pathways, as well as genetic networks in the process of aging and mortality.
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Figure 1.
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QQ plots for the results of GWAS of human life span for the members of the Original
Framingham cohort obtained using the EMMAX program controlling for birth cohorts,
smoking, and 20 PCs. Top panels represent the results for 679 females (A) and 432 males
(B) obtained using 20 PCs constructed using genetic data on 1009 unrelated subjects from
the Original Framingham cohort (without separation effects of PS due to differences in
ancestry from that due to mortality selection in a genetically heterogeneous population).
Bottom panels represent the results for 679 females (C) and 432 males (D) obtained using
20 PCs constructed using genetic data on 1625 unrelated subjects from the Framingham
cohort. The PCs were constructed using genetic data on 1625 unrelated subjects from the
offspring FHS cohort among individuals whose age was less than or equal to 60 years at the
time of bio specimen collection.
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