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As investigators plan the next round of genome-wide association studies (GWAS), cohorts
of over one hundred thousand individuals are being proposed as the solution to the ‘missing
heritability’ from first generation studies1-6. While such studies will undoubtedly reveal
many additional common alleles contributing to human disease, consideration of the
intrinsic design of GWAS, our knowledge of the genetic architecture of disease and the
results of GWAS to date suggest that other complementary strategies may well be necessary
to reveal the hitherto undiscovered heritability.

First generation GWAS
The outcomes of GWAS to date might largely have been anticipated1. By design the
approach offers an unbiased assessment of the role of common alleles in disease syndromes,
and there are numerous examples of successful GWAS where multiple loci have been
unequivocally associated with specific diseases. Even in genetically heterogeneous
syndromes with major Mendelian contributions, shared common alleles that operate
downstream to affect trait expression may be detectable7, 8. In less heritable traits, GWAS
may offer the only evidence of any genetic contribution. Many of the most successful
studies to date have explained only a proportion of the heritability, and for some key disease
phenotypes no loci have been identified that achieve genome-wide statistical
significance3, 7-9. Serendipitous identification of large-effect size common alleles has
occurred, but these may be true modifiers of multiple Mendelian genes, genes with large
interactions with environmental factors or just a single very homogeneous phenotype10, 11.

While the ‘small effect’ alleles identified in GWAS may be important at a population level,
a rigorous understanding the role of such contributions will require much more
comprehensive understanding of the genetic architecture of each trait. Epistatic interactions
among common alleles, or between common alleles and a range of rarer Mendelian or
intermediate alleles that vary between individuals, may well contribute substantially to the
unexplained heritability12. For the majority of human traits information on genetic
architecture is scant, due the absence of unbiased family studies.

The simultaneous identification of multiple novel GWAS loci has highlighted a need for
innovative approaches both to define the causal gene(s) at each locus, and to explore the
fundamental mechanisms of disease3, 4. Pathway entry has not yet been attained for most
GWAS loci as a result of the barriers to identification of the causal genes, including: the lack
of definitive locus boundaries, small effect sizes and limited understanding of the regulatory
functions of intergenic regions in cis or trans13. Even where biologic effects have been
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identified, it can be difficult to define the proportion of the effect at each locus that is
attributable to the mechanism in question14.

These predictable outcomes from GWAS serve to reinforce the implication from both
human Mendelian genetics and clinical medicine that there may be substantial unidentified
etiologic heterogeneity underlying many common disorders. Clearly, this genetic
heterogeneity must be resolved if the comprehensive architecture of these traits is to be
understood1, 4, 15, 16. In this context, increasing the size of many human disease cohorts is
likely only to scale the heterogeneity in parallel. Thus, while such studies will offer the
statistical power to detect larger numbers of alleles of even smaller effect size, they are not
likely to be powerful enough to delineate gene-gene or gene-environment interactions.

Next generation phenotypes
At the core of many of the problems with GWAS and missing heritability is the issue of
phenotype resolution5, 6. Most common diseases suffer from the lack of resolution and
precision of their defining phenotypes. Indeed, phenotype resolution is likely a major
determinant of the success or failure of GWAS to date. For traits where the phenotype is
precise or serendipitously homogeneous (e.g., macular degeneration) large effect sizes are
observed for select loci, and small cohorts have sufficed for performing ‘successful’
GWAS10. In contrast, in situations where the phenotype is less precise or subject to greater
confounding (e.g., blood pressure), GWAS have yielded limited success even with
impeccable design and large cohorts3. Clearly selection pressures also play a role in the
genetic architecture for a given phenotype, and for phenotypes where there is little selection
pressure on reproductive efficiency, genetic heterogeneity is less likely, while in the setting
of more stringent selection even quite precise phenotypes may exhibit extensive genetic and
allelic heterogeneity.

New diagnostic tools to discriminate homogeneous disease subsets, and to identify causally
related but more penetrant ‘endophenotypes’ are urgently required17-20. ‘Unbiased’
phenotypes are emerging in model organism genetics, but large scale phenotype discovery in
human disease has not been undertaken21-23.For many disease syndromes, the addition of
even a limited number of orthogonal phenotypes may suffice to resolve the underlying
heterogeneity15, 19, 20, 24. Functional genomic profiling of serum or tissue offers the
possibility of discrete phenotypes, but to date the main successes have been in clonal
neoplastic disorders. Innovative approaches to define etiology-specific functional assays
range from tomographic electrical mapping to metabolomics and cellular profiling 25-27.
Maximizing the information content of phenotypic assays through dynamic testing will not
only enable more rigorous genetics, but will also facilitate systems level analyses in biology
and medicine28. Importantly, in order to redefine disease candidate phenotypes must be
readily scalable and robust enough for routine clinical use. Understanding the expanding
‘phenome’ will require careful correlation with classic disease entities in well-characterized
kindreds and in extended populations 18. This new wave of clinical investigation will exploit
translational research facilities and major population studies such as the NHLBI-funded
Framingham Heart Study, ideally capturing multiple phenotypic axes in parallel. Many
different phenotypes might potentially be used in downstream integrative studies, but the
feasibility of translation to and from model systems is likely to be a critical attribute for the
empiric definition of genetic architecture and for pathway entry or exploration29.

Phenotypic homogeneity may be conferred by simple orthogonal features, such as the
presence of an additional associated trait or the restriction to very specific demographic
subgroup. Indeed, where genetic homogeneity exists, surprisingly small cohort studies may
be sufficient to detect an underlying common allele. In this issue of Circulation:
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Cardiovascular Genetics, Horne et al present a tantalizing report of GWAS in a cohort of
only 40 patients with peripartum cardiomyopathy (PPCM)30. In this small cohort they were
able to identify a locus with genome-wide significance on Chromosome 12 near the gene
encoding parathyroid hormone-like hormone. This locus was validated in a second series of
PPCM patients as well as in a cohort of individuals with pregnancy-associated
cardiomyopathy that did not meet criteria for PPCM. Should we ignore these results simply
based on the size of the discovery cohort? While it is conceivable that in this condition and
in this population a single common allele is present and detectable in a study of this size,
there are many reasons for caution. The limited number of unusual subjects certainly brings
with it high false positive rates in GWAS, risks of population stratification, and problems
with the identification of robust controls. Superimposed on these confounders is existing
evidence that PPCM is not a homogeneous entity. Several reports suggest that PPCM is
found in the context of several distinct autosomal dominant forms of dilated
cardiomyopathy, and the data presented here are not inconsistent with a founder effect with
reduced penetrance31. All of these issues may be directly addressed by additional replication
studies in diverse cohorts with PPCM, but it may not be possible to convince skeptics
without robust mechanistic modeling.

Next generation GWAS
Larger GWAS studies will definitely be performed in the near future, but the trade-off
between statistical power and the effect size of alleles may limit their utility.
Complementing these studies in the search for missing heritability will be next generation
Mendelian studies where small kindreds will be subjected to whole genome sequence
analysis. However, in order to fully define the genetic architecture of disease, it will be
critical to employ hybrid approaches capable of identifying alleles with intermediate effect
size, and ultimately of estimating gene-gene and gene environment interactions.
Deconvoluting the genetic basis of complex disease at this resolution will require the
integration of population and family-based studies in kin-cohort type designs32, as well as
novel multidimensional dynamic phenotypes that can be translated efficiently to and from
model organisms.
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