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Common variants do not explain the heritability 100% 
Where is the missing heritability?  

 Things we do not see 
  Chromosomal re-arrangements 
  Rare variants 
 More complex models 
  POE 
  GxG 
  GxE 



GxE is a major player in complex traits 
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Power of ENGAGE study 

•  Sample size up to 32,000 participants 
•  Under standard assumptions, we have  

–  >90% power to detect loci explaining at least 0.2% of 
phenotypic variance 

–  >50% power to detect loci explaining 0.1% of phenotypic 
variance  

–  at genome-wide significance level ! 

•  But nothing was detected at genome-wide 
significance level…  
–  though there are many suggestive hits 
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A bunch of explanations 

•  Environmental factors  
–  Are not well-measured 
–  Have high missing rate 
–  Are not so frequent 

•  GxE methodology is not perfect? 
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Too small λ’s for GxE in pedigrees:  
problem definition 

•  FASTA/mmscore approximation: two-step procedure 
–   estimate parameters of polygenic model  
–  use score test on residuals, accounting for estimated matrix 

of variances and covariances between phenotypes 

•  Logic 
–  any covariates, especially ‘big’ ones, should be included in 

step 1, otherwise score test assumptions are violated 
–  put the main effect in the first step, and interaction-only in 

the second step 

•  What we see: λ << 1 for GxE term 
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What happens to λ’s: en example  

λ = 0.918 λ = 0.281 



Solution & remaining problem 

•  Explanation:  
–  there is covariance between main and interaction effect… 

Should never separate these two! 

•  Solution:  
–  ProbABELv0.0-9 implements GLS estimator in 2nd step 

•  Problem to remain:  
–  the covariates brought into the 2nd step are ‘big’ ones, 

violating score test assumption and leading to conservativity 

•  Solution to the problem remaining after solution … 
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λ’s going all the way around 1  
•  Rotterdam study: population-based cohort used for 

genetic research for over 15 years 
•  In GWAS performed over many traits, always λ < 

1.05 
•  GxE results for some traits: 
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Solution: use robust (co)variances? 

•  Implemented in ProbABELv0.1-1 
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Are we facing ‘detectability limit’? 

•  Holmans ‘detectability limit’ hypothesis: in a study 
showing residual inflation of test statistics, there is a 
limit on detectable effect size, whatever the sample size 
is 

•  Power to detect locus explaining 0.1% using sample of 
30,000 people is 50% 

•  If λ1000 = 1.03 only, the power is 2% (!) 
•  Detectability limit with λ1000 =1.03 is a locus explaining 

0.09% of variance (whatever sample size!) 

•  Read it other way: we hoped that brute force approach 
will always work (by big N’s we can compensate for 
imperfect methodology). THIS IS NOT TRUE 
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Variance analysis 
•  Conducting Bartlett-RN-transform test 

–  Not correct if main effect is present 

•  Effects of using ‘best guess’ genotypes 
–  This leads to biased effect estimates, hence possibly major 

drop in power 

•  Levene’s for meta-analysis? 
–  have a formula 

•  Incorporation of uncertainty into analysis? Additive, 
etc. models? 
–  likelihood, have a formula 
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•  Levene AND uncertainity?! 

–  Wow! Weighted Levene? A lot of work to do… 



Conclusions 

•  We learned a lot from ENGAGE lipids GxE project 

•  Common Variants X (sex, smoking, alcohol, …) do 
not explain a lot: under any assumptions, we should 
have detected any interaction explaining > 1% of 
phenotypic variance 

•  With GWAS we are facing fundamental statistical 
limits. The role of methodology & software 
developments is very important 
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