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It has been long speculated that the effect
of genetic variants on survival changes

with age. Evidence for age-specific effects is,
however, hard to obtain as most studies are
underpowered or not suited to detect age-
specific effects. Tan et al1 in this issue present
an elegant solution by borrowing informa-
tion from population survival registries. They
show age-specific effects of the e4 allele of
APOE: the relative risks for carriers versus
non-carriers are around 1.15 from age 92
to 99 years and then increase to around 1.22
up to age 104 years.
Demographic research has shown that age-

specific mortality rates stabilize at very late
ages. The plateaued mortality pattern implies
that late life is a distinct phase of life history.
As a consequence, the role of genetic variants
may also change over time. Indeed, age-
specific effects have been identified in animal
models,2 whereas for humans results have been
lacking. Case–control studies have been used
to assess differences in genotype frequencies
among age categories. This approach has,
however, a serious drawback, namely the
identified effects may also be caused by
differences between birth cohorts in exposure
to environmental factors, such as introduc-
tion of penicillin or lack of food during
World War I. An observational study on the
other hand that follows the same birth cohort
over time is more appropriate, but one has to
be patient to collect enough follow-up data
to be able to assess age-specific effects. Note
that a retrospective approach cannot be used

in this case, because the genotypes of subjects
are needed. Tan et al1 have access to a unique
follow-up study: the Danish 1905 birth
cohort. From this cohort, 2662 individuals
were genotyped at 92–93 years of age in 1998.
Individual survival was collected, and the last
update on survival information was in 2010
when 10 subjects were still alive. Although
they have over 12 years of follow-up time,
this data set does not contain sufficient
information yet to estimate both the under-
lying hazards and the age-specific genotypic
relative risks.
Previous work on this data set illustrates

the challenge to detect age-specific effects. In
2006, they were not able to detect an age-
specific effect for carriers of the e4 allele, due
to limited follow up: at that moment the
length of the follow-up period was around
5 years.3 In 2010, reanalysis of the same
data set complemented with data from the
1895–1896 birth cohort showed an increased
hazard ratio for carriers of the e4 allele
versus non-carriers after 98 years of age.4

Even though the addition of the second
cohort was needed to improve power for the
age categories above 99 years of age,
the introduction of possible bias due to
heterogeneity between the two birth cohorts
may be an issue. In the current paper,1

the authors concentrate on the 1905 birth
cohort and circumvent the estimation of
baseline hazard by using cohort-specific
survival information from the Human
Mortality database. This database comprises
information of the total of 3600 persons
aged 92–93 years and still alive in 1998, which
is the cohort to which the 2662 subjects of the
Danish 1905 birth cohort belong. By adding
the population survival information into the
data analysis and using a constrained

likelihood, the estimates of the age-specific
relative risks are more efficient. Indeed, sig-
nificant age-specific associations between
APOE genotypes and mortality were obtained
using data from a single birth cohort.
Several studies have considered the use of

additional information to improve statistical
power. For example, for testing the presence of
genetic linkage in selected samples, the data
from registries was used to weight individuals
according to current ages and or covariate
patterns.5 Typically, these weights are not
optimal, because the additional information
does not completely represent the analyzed
data sample. Despite misspecification of the
weights, the score statistic is valid as it is
calculated under the null hypothesis, but
model parameter estimates may be biased in
such situations. The cohort-specific mortality
rates used by Tan et al1 are probably very
similar to the mortality rates of the group
of genotyped subjects. Small differences,
however, may be present; for example, due
to the fact that the genotyped participants are
healthier and therefore have a slightly better
survival prediction than the members of the
birth cohort who do not participate in the
study. A statistical solution for such a situation
is to assume that the survival pattern of the
genotyped subjects is similar to their birth
cohort but not equal. Such a concept of
similarity can be included by using a
penalized likelihood instead of a constrained
likelihood as the authors have done. Large
penalties correspond to smaller differences
between the survival pattern of the
genotyped subjects and their birth cohort.
Such an approach can also be viewed as a
Bayesian approach where a prior is used for
the underlying hazard.
Another issue the authors consider in their

paper is heterogeneity due to missing covari-
ates. It is well known that effect sizes are
attenuated when important covariates are not
included in the model. It is likely that in
addition to APOE other unknown genetic
factors have a role, as it has been suggested
that the genetic influence increases with age.6

Frailty models is an approach to adjust for
heterogeneity in samples due to omitted
covariates such as genetic factors. In such a
model, subjects with deleterious covariate
profiles will have large frailties, whereas
subjects with beneficial covariate patterns
will have relatively small frailties. Tan et al1

also consider a survival model including a
gamma distributed frailty with mean equal
to 1 and a variance of 0.1. Some caution is
needed here: assumptions on the frailty distri-
butions influence the parameter estimates.
Keiding et al7 illustrated the instability of
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parameter estimates in frailty models fitted to
data sets with no replications per hetero-
geneity unit. Analogously to using additional
information on population survival, infor-
mation on frailty distributions should be
included in the model while accounting for
uncertainty in parameter values by using
penalized likelihoods. Furthermore, the hope
is that longitudinal family studies provide
more information on the frailty distribution.8

To conclude, Tan et al1 are the first to show
that carriers of the e4 alleles have a higher
mortality than non-carriers in a specific popu-
lation. A method that accounts for uncertainty
in overall survival and frailty parameter values
should, however, be advocated for this type of
data problem. The availability of follow-up
studies in the oldest old, the feasibility of

genetic sequencing, together with advanced
statistical modeling for various data sources
provide the opportunity to further unravel
the genetic basis of extreme aging in the near
future’
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