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a  b  s  t  r  a  c  t

Searching  for genetic  determinants  of human  longevity  has  been  challenged  by  the  rarity  of  data  sets
with  large  numbers  of  individuals  who  have  reached  extreme  old  age,  inconsistent  definitions  of the
phenotype,  and  the  difficulty  of  defining  appropriate  controls.  Meta-analysis  –  a statistical  method  to
summarize  results  from  different  studies  –  has  become  a common  tool  in  genetic  epidemiology  to  accrue
large  sample  sizes  for  powerful  genetic  association  studies.  In conducting  a meta-analysis  of  studies  of
human longevity  however,  particular  attention  must  be  made  to  the  definition  of cases  and  controls
(including  their  health  status)  and on  the  effect  of  possible  confounders  such as  sex and  ethnicity  upon
the  genetic  effect  to be  estimated.  We  will  show examples  of how  a meta-analysis  can  inflate  the  false
negative  rates  of  genetic  association  studies  or it can  bias  estimates  of  the  association  between  a genetic
variant  and  extreme  longevity.

©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

The hunt for genetic and non-genetic factors that promote
human longevity continues to fascinate and engage aging-
researchers. While substantial progress has been made in the
epidemiology of extreme human longevity, particularly regarding
evidence supporting Fries’s “compression of morbidity” hypothesis
in oldest centenarians (Andersen et al., 2012; Fries, 1980; Sebastiani
et al., 2013a; Ismail et al., 2016), the discovery of genetic factors that
promote longevity and extreme longevity has been challenged by
the rarity of the phenotype, the need for large samples to reach an
extreme level of statistical significance in genome-wide association
studies and also, in the case of association studies, the lack of clar-
ity in the definition of both cases and controls. These challenges are
related and often work against each other. For example, we have
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shown that the heritability of longevity expressed as sibling relative
risk increases with more and more extreme definitions of longevity
(Sebastiani et al., 2015), and while using an extreme definition of
longevity should result in a more heritable phenotype, accruing a
sufficiently large sample of very old individuals is very difficult. It
has taken the New England Centenarian Study more than 20 years
to accrue almost 200 supercentenarians, those who  have survived
to age 110 years and older (Sebastiani and Perls, 2012).

In order to boost their statistical power, some studies relax their
definition of longevity (Erikson et al., 2016), or the definition of
controls, and more recently meta-analysis has emerged as a way to
increase statistical power by aggregating results from many smaller
studies. While the method of meta-analysis has many important
properties and can be useful to increase evidence in support of
or against a hypothesis, it can often produce misleading results.
Here we discuss some of the major challenges of meta-analysis of
longevity studies.
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2. Meta-analyses of genome-wide association studies of
longevity

2.1. Definition of genetic effect

Genetic association studies of longevity typically use a case-
control study design, in which cases are individuals who have
reached some defined old age and controls are often a random sam-
ple from the population with the assumption that the phenotype
is so rare, it is assumed demographically unlikely that the control
will eventually survive to the age of interest. The genetic effect of an
allele g that can be estimated with data collected using this study
design is the odds ratio for extreme longevity, comparing carriers
and non-carriers of the g allele. This odds ratio (OR) is defined as

� = p(EL|g)/(1 − p(EL|g))
p(EL|ḡ)/(1 − p(EL|ḡ))

(1)

where EL denotes “extreme longevity”, p(EL|g) is the probability of
achieving extreme longevity in carriers of the g allele, and p(EL|ḡ)
is the probability of achieving extreme longevity in non-carriers of
the g allele. This odds ratio is equivalent to

� = p(g|EL)/(1 − p(g|EL))
p(g|AL)/(1 − p(g|AL)) (2)

where p(g|EL) is the prevalence of the g allele in cases, AL denotes
“average longevity”, and p(g|AL) is the prevalence of the g allele
in controls. The parameter � in Eq. (2) is “exposure-odds” that is
the estimable quantity in a case-control study design and it can be
converted into the parameter of interest in Eq. (1), i.e. the “disease
odds”, or in this case, “EL odds” by using Bayes’ theorem (Jewell,
2003).

Many factors can affect the magnitude and statistical signifi-
cance of the genetic effect �, particularly definitions of the case
(EL), of the control (AL), genetic confounders such as ethnicity that
may  affect the prevalence of the g allele in cases and controls, and
of course the sample size. Regarding controls, they should ideally
be matched by birth year to avoid unmeasurable confounding due
to secular effects. However, even the longest running longitudinal
studies have not been able to adhere to such an inclusion criterion
for controls. Thus, most studies settle for controls who  have not
reached a certain age. As discussed later, this definition can also be
problematic.

Meta-analysis of results from different studies has become a
standard procedure in genetic association studies to remedy the
limited sample sizes of individual studies. The underlying assump-
tion of this approach is that “more is always better” and aggregating
results from different studies will strengthen the results and
increase the statistical significance of the true positive associations.
Using real data, we show however that this approach can lead to
more false negatives, not fewer.

2.2. Meta-analysis: non-ignorable assumptions

A meta-analysis is a statistical method to summarize results
from different studies that has become extremely common in
genetic epidemiology (Evangelou and Ioannidis, 2013). A meta-
analysis of genetic effects estimated through case-control studies
will typically receive as input the estimated odds ratios and stan-
dard errors from each study and aggregate the results using
some form of weighted average (fixed-effects meta-analysis).
Weights defined as the inverse of the standard errors are used
in the “inverse-variance weighting” method of meta-analysis that
appears to be the most common approach in genetic epidemi-
ology (Evangelou and Ioannidis, 2013). An alternative weighting
system is used in Mantel Haenszel (MH) meta-analysis that results
in a more robust estimate and standard error when some of the

studies are small (Mantel and Haenszel, 1959) or when the genetic
variant is rare. The key assumption underlying a fixed-effects meta-
analysis is that the different studies estimate the same population
parameter and differences in the study-specific effect sizes are the
result of sampling variability (Borenstein et al., 2010). Heterogene-
ity among studies can be accounted for by using a random-effects
meta-analysis, which essentially assumes a hierarchical model to
describe the within-study variability and the variability between
effects estimated from different studies. Although a random-effects
meta-analysis accommodates more variability, it still makes the
assumption that there is a well-defined “population parameter”
(odds ratio) to be estimated. If heterogeneity of the studies orig-
inates from study-specific genetic effects then a meta-analysis can
be inconclusive or produce misleading results.

2.3. Published meta-analyses of genome-wide association studies
of longevity

A comprehensive review by Broer and van Duijn (2015) lists just
5 genome wide association studies of longevity (Newman et al.,
2010; Deelen et al., 2011; Nebel et al., 2011; Malovini et al., 2011;
Walter et al., 2011), and one of extreme longevity (Sebastiani, 2012)
published up to 2012. The article by Newman et al. (Newman et al.,
2010) reported a meta-analysis of 4 genome-wide association stud-
ies from the Cohorts for Heart and Aging Research in Genomic
Epidemiology (CHARGE) Consortium. The meta-analysis included
1836 individuals who survived to age 90 and older (cases) and
1955 individuals who  died at ages between 50 and 80 years (con-
trols). Despite what was a large sample size for a study of longevity,
this meta-analysis did not identify any genome-wide significant
associations, not even for variants in the well replicated APOE
locus on chromosome 19 that has achieved genome-wide signifi-
cance levels with much smaller studies of centenarians (Sebastiani,
2012). Additional meta-analyses that expanded upon findings from
the CHARGE consortium were reported by Deelen et al. (2014)
and Broer et al. (2015). The meta-analysis in Deelen et al. (2014)
included 14 different studies and increased the overall sample size
of the discovery cohort to 7729 long lived individuals and 16,121
controls. However, the large sample size was  reached by using a
“relaxed definition” of longevity as survival to age 85 and older, and
only SNPs in the APOE locus reached genome-wide significance in
the discovery cohort. The meta-analysis in Broer et al. (2015) used
data from new studies that joined the CHARGE consortium to syn-
thesize the results of genome-wide association studies of longevity
defined as surviving beyond age 90. This analysis also identified
only SNPs in the APOE locus with genome-wide significance.

The lack of novel genetic findings linked to human longevity
from these meta-analyses has been exclaimed as evidence of a
weak genetic contribution to the phenotype of extreme human
longevity and has fed the myth, based upon twin studies of survival
to the mid  octogenarian years, that the heritability of survival to
extreme old age is approximately 25% (Sebastiani and Perls, 2012;
Broer et al., 2015; Newman and Murabito, 2013). However, increas-
ing the sample size through a meta-analysis does not necessarily
increase the statistical power if including a large number of het-
erogeneous studies decreases the signal to noise ratio. We  argue
that an inconsistent definition of the phenotype across studies is a
possible source of heterogeneity of the study-specific effects that
may  reduce the usefulness of a meta-analysis. In fact, we  and oth-
ers have shown that the sibling relative risk of extreme longevity
defined as living beyond a threshold age increases as the threshold
age increases (Sebastiani et al., 2015; Perls et al., 2002; Perls, 1998),
and we  have advocated for more standard definitions of extreme
longevity by choosing the threshold age based, for example, on
percentile survival from some standard life tables. A consistent
and specific definition of extreme longevity should result in a
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