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To the Editors: Using computer simulations, Khlat et al. (1) quantified type I error 
increase caused by population stratification. They argued that under "realistic scenarios" 
(where subpopulations account for 10% of the study population and allelic frequency 

differences are 0.2), the inflation of type I error is of limited concern. 

Results from both computer simulations (2) and theoretical analyses (3) suggest a more 
nuanced and complex view of population stratification. Our results are consistent with 
some of those by Khlat et al. (1). First, a large inflation in type I error can occur when the 
two subpopulations are equal sized but have moderate marker allele and disease 
frequency differences. Second, the confounding risk ratio provides a poor measure of the 
increase in type I error rate under population stratification, as we showed in ref. (3). 
However, our computer simulations also show that having a mixture of unequal-sized 
subpopulations (e.g., 10% versus 90%) does not necessarily lead to a reduction in the 
inflated type I error rate; neither does an increase in subpopulation number, in contrast to 
Wacholder et al. (4). This is particularly true when marker allele frequency, disease 
prevalence, and population size are not independent (3). For example, founder effects and 

bottlenecks can create dependence between subpopulation size and disease prevalence 
and/or marker allele frequency. This may lead to subpopulations with substantially 
elevated marker allele frequency and disease prevalence rates relative to the majority 
population (5). 



Consequently, a marker difference of 0.2 is not the maximum difference that one can 
expect, as suggested by Khlat et al. Indeed, Khlat et al. showed that when the marker 
difference is only 0.2, the type I error can reach 19% (i.e., on average, one of every five 
positive findings is false), which we argue is a substantial increase in the type I error rate 
over the nominal rate of 5%. This would be even higher with larger marker differences. 
Our results indicate that when the population variables are not independent, the type I 
error rate does not approach the nominal type I error rate of 0.05 even with a large 
number of subpopulations (3). Moreover, even when the population variables are 
independent, type I error may not converge to 0.05 until a very large number of 
subpopulations are reached. 

Thus, the issue of population stratification is more complex than has been believed and is 
of more than "limited" concern. Allele frequency differences and possible 
interdependence of population variables suggest that population stratification cannot be 
dismissed out of hand. 
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In Response: In our study of the robustness of case-control studies to population 
stratification, we conclude that the bias and type I error resulting from population 
stratification are likely to be "limited in methodologically sound case-control studies of 
moderate size, except in quite unrealistic scenarios." Heiman et al. argue that their own 
analyses (1, 2) lead to a more nuanced view of the stratification bias in case-control 

studies. We fully agree with their assertion that "relatively small CRR values can actually 
represent highly inflated type I error," and this is exactly the reason why we have focused 

on type I error in relation to the population variables and sample size. We feel that the 
conclusions of our study do complement and strengthen those of Wacholder et al. (3), and 
also that our findings are very much in accord with the findings of Heiman et al. The main 
point of divergence concerns the degree of variability of allelic frequencies across 
population subgroups, as Heiman et al. pinpoint the special situations of very small 
subpopulations exhibiting subtantially elevated marker allele frequency and disease rates 
relative to the majority population. More generally, they argue that, in populations 
containing a mixture of subpopulations, the disease prevalence can depend on the size of 
the subpopulations, and that the contention that "the greater the number of distinct 
population subgroups, the smaller the bias" does not hold in that case. This is indeed a 
very interesting and important point, and we do agree that, due to founder effects and 
genetic drift related to inbreeding, the allelic frequencies in some small subpopulations 
may shift far away from that of the majority population. And yet, as already pointed out 
by Wacholder et al. (3) "only ethnic groups that maintain their individual identities are 
likely to remain endogamous and retain any important differences in genotype 
frequencies." It can therefore be argued that, whenever such a situation arises, it does 
concern distinguishable ethnic groups, and can be handled by matching or statistical 
adjustment. In that case, the allelic differences which have to be considered for the 
purposes of investigating the stratification bias are those which remain after accounting 
for ethnicity, and those "residual" differences are likely to be moderate. Whereas we find 
that the point made by Heiman et al. is very relevant, we believe that it does not question 
our conclusions, and maintain that, in carefully matched, moderate size studies, the type I 
error associated with population stratification remains very limited in most realistic 
scenarios. 
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