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Correcting Away the Hidden Heritability
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Summary

In the age of high-density genome-wide association (GWAS) data, correcting for multiple comparisons is a substantial
issue for genetic epidemiological studies. However, the current manuscript review process generally requires both stringent
correction and independent replication. The result of this stringency is that studies that are published suffer from inflated
Type 2 error rates (false negatives), thereby removing many likely real signals from follow-up. Elimination of these alleles,
if they are truly associated, from further study will slow research progress in studies of complex disease. We argue that this
method of correction is overly conservative, especially in an age when high-density follow-up experiments are possible

and reasonably inexpensive.

Keywords:

Studies of the genetics of complex disease have begun to
move from the realm of genotyping single nucleotide poly-
morphisms (SNPs) to that of exome or whole genome se-
quencing. This is at least partially motivated by the inability
of GWAS to identify the majority of the heritable fraction
of disease (Manolio et al., 2009). Typically, reviewers and
editors require strict Bonferroni or a similar correction for
multiple comparisons in the first stage of a GWAS based on
results from simulation work (Dudbridge & Gusnanto, 2008).
A further requirement is to follow such analyses by a sec-
ond and/or third stage of independent replication. We argue
that severe correction for multiple comparisons in the first of
a two-stage analysis is overly conservative and serves to re-
duce the discoverable amount of the heritability that is in fact
buried in the mass of GWAS data. In addition, this process
does not serve the primary purpose for which this and other
“hypothesis-free” approaches were originally intended, that
is, the generation of new biologically testable hypotheses. Al-
though this approach represents a strong and understandable
desire by editors and reviewers to effectively eliminate false-
positive results, it likely serves to ignore innumerable true
signals. Determining the appropriate balance of false positive
to false-negative results is not a new discussion. For decades,
scientists have debated whether correction is necessary and if’
so, how it is best accomplished (Rothman, 1990; Boehringer
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et al., 2000; Nyholt, 2001; Krawczak et al., 2004). How-
ever, the high density of data in GWAS has caused the con-
cern about multiple comparison correction to be revisited
with renewed vigor by the genetics community. Lost in this
discussion are significant considerations about the amount
of independence among marker genotypes and an explicitly
stated preference on balancing Type 1 versus Type 2 errors
(Dudbridge et al., 2000; Kimmel et al., 2008). While correc-
tion has now become a mantra, we argue it requires a more
balanced approach that incorporates both biological context
of putative signals in the broadest sense and a better under-
standing of the role that statistical analyses can play in the
detection of genes/variants that affect complex disease.

We caution against the groundswell that mandates indis-
criminant use of Bonferroni or comparable correction. Our
position rests less on standard statistical arguments, but rather
on technological advances that enable adequate and indepen-
dent replication not just of a few “top hits” but also of all the
thousands of nominal associations. The P value as a metric is
meant to assess the probability to observe an event as extreme
or even more extreme than the one observed. Certainly, in
GWAS most nominal findings are due to chance alone or to
technical artifacts, despite the extensive quality control pro-
cedures commonly used. The intent of correction, then, is
to minimize those associations that are chance events — that
is, to minimize the number of false-positive results. However,
it should still be noted that even extremely small P values
can be consistent with the null hypothesis, and therefore this
metric alone may not serve as the best arbiter of true associa-
tion or more importantly real biological meaning (Zaykin &
Zhivotovsky, 2005). We argue that, when examining a large
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array of nominally positive findings, statistical stringency alone
does not permit us to determine which findings are by chance
and which are not, and therefore, setting too stringent cutoff’
for Type 1 error criterion for association decreases power to
find real associations. Clearly, the preferred conservative so-
lution among editors and the majority of statistical geneticists
is that it is better to remove those findings more likely due to
chance events from further consideration by applying conser-
vative rules. This approach results in having few reports that
can be readily proven wrong due to Type I error, but also
slows the progress of research by inflating the Type 2 error
rate.

An alternative view is that by conservatively correcting for
false positives, we are in fact eliminating the vast majority
of truly associating SNPs, the very thing we wish to find.
Almost all high-impact journals require, in addition to strin-
gent correction, that independent replication is demonstrated
in a second or third dataset. By requiring both a very small
P value and an independent replication, we agree that the
chances of reporting genes that are truly associated with dis-
ease are greatly increased. However, we adopt and endorse
the view that the “gold” standard of marginal effects is in
fact replication (Chanock et al., 2007). Thus, if one requires
replication as a criterion for publication, then we question
the duplicative need for severe correction for multiple testing
in the discovery dataset.

We argue that we are missing many more genes showing
genuine associations that do not pass this stringent set of cri-
teria, but are nonetheless real. So, if we reassert the initial
intention of GWAS as part of a discovery phase of inves-
tigation, these current requirements only allow us to find
the low hanging, statistically discovered fruit while ignoring
more subtle, yet very real and perhaps even common, bio-
logical effects. This rigorous process could very easily explain
some and perhaps much of the missing heritability (Manolio
et al., 2009) that is currently being chased with alternative
technologies and underlying hypotheses (e.g., multiple rare
variants/common disease).

Previously, the problem with using replication as the true
gold standard was a lack of appropriate technology to assay
all putatively true associations. Current technologies now al-
low all SNPs at P < 0.05 to be assayed relatively cheaply on
custom chips. Two recent studies exemplify how the current
correction paradigm can actually lead to false-negative re-
sults that account for some of the missing heritability. Easton
et al. (2007) performed a three-stage analysis of breast can-
cer. Rather than focusing on only genome-wide significant
SNPs, they tested the most significant 5% of SNPs from the
discovery dataset in a second confirmatory dataset, and from
that 30 SNPs were tested in a third dataset. Of particular note,
the majority of the final SNPs that replicated did not meet
genome-wide significance levels in stage 1 or even stage 2.
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McCauley et al. (2010) performed a comprehensive follow-
up of all available SNPs with P < 0.10 in an initial GWAS
of multiple sclerosis (MS) (Hafler et al., 2007). They geno-
typed ~30,000 SNPs, using a cost-effective custom chip array.
None of the SNPs with P < 0.0001 in the initial discovery
dataset replicated in follow-up studies. In contrast, multiple
new confirmed associations were identified, but many with
SNPs (and/or genes) that ranked below the top 0.5% of SNPs.
The majority of these associations had initial GWAS P values
only slightly less than a nominal P of 0.05.

GWAS has been a successful tool for confirming existing
and identifying many new associations of common variation
to common disease. However, the formulaic and rigid appli-
cation of severe statistical correction has in fact muted this
success, preventing many, and perhaps most, of the true asso-
ciations from being reported and confirmed. In addition, the
underlying assumptions of the standard approach as discussed
in this paper, specifically of single gene, marginal effects, may
violate many biologically real phenomena such as gene—gene
and gene—environment interactions that can fail in a replica-
tion phase even if they are real. This raises other important
considerations that we have not directly addressed but cer-
tainly warrant attention in the genetics community (Greene
et al., 2009). As the MS (McCauley et al., 2010) and breast
cancer (Easton et al., 2007) data clearly show, a large number
of true associations lurk in the midst of nominally significant
P values, and the only way to illuminate them is to return to
the initial intent of GWAS as a discovery and filtering tool for
future studies.
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