LETTERS TO THE EDITOR

Linkage-Disequilibrium-Based
Binning Misleads the
Interpretation of Genome-wide
Association Studies

To the Editor: In their report, Christoforou et al." demon-
strate the effect that linkage-disequilibrium (LD)-based
binning has on the interpretation of genome-wide associ-
ation studies (GWASs) and conclude that “ignoring LD
can result in the misinterpretation of the GWAS findings
and have an impact on subsequent genetic and functional
studies.” Although this conclusion is true and trivial, we
argue that their proposed LD-based binning approach
uses the LD information incorrectly and will lead to
increased type 1 error (resulting in the misinterpretation
of GWAS findings) and will hence have a negative impact
on subsequent genetic and functional studies. The LD-
based binning approach assigns SNPs to genes or bins by
using pairwise LD data calculated from reference data,
such as that from the 1000 Genomes Project or HapMap
or other user-provided data. It can assign a SNP to more
than one gene. After the bins have been defined, standard
gene-based approaches, such as taking the minimum SNP
p value in a bin after the application of a modified Sidak’s
correction,? are used. Thus, the essence of this method is to
include as “hits” not only those genes in (or around) which
extreme p values for SNPs are found but also those genes
that include SNPs found to be in significant LD with
them. This approach will result in increased correlations
among genes because a SNP’s p value can be repeatedly
represented in different genes.

Christoforou et al." assessed their method of LD binning
with respect to (1) gene converge, (2) the interpretation of
findings, and (3) pairwise concordance of the findings
among three GWASs. We first summarize their results for
(1) and (3). On comparing LD binning with positional
binning, their Tables 1 and 2 clearly show an increase in
the number of post-quality-control-binned SNPs and a
decrease in the number of SNPs binned to only one gene,
indicating an increased number of SNPs assigned to more
than one gene. This automatically increases the correla-
tions among genes in any subsequent pathway analysis.
For the genotyped Welcome Trust Case Control Consor-
tium (WTCCC) SNPs in their Table 1, the number of
SNPs binned to more than one gene increases from 16%
with positional binning to 36% with LD-based binning;
similar results are seen for the Norwegian Thematically
Organized Psychosis bipolar disorder (BP) GWAS and
German BP GWAS data. For imputed genotype data,
although the increase is not as large as for actually geno-
typed data, the absolute percentage is much larger—it
increases from 55.5% with positional binning to 63%

with LD-based binning in the case of the WTCCC BP
data and increases from 59% to 61.5% for the German
BP data. Because LD-based binning results in spurious
correlations among genes, it is not surprising that when
Christoforou et al. used LD-based binning, 15.5%-34%
new genes moved into the top-ranked 2,000 genes. Thus,
many of the top genes are selected because of their LD
with a common SNP rather than because of association
evidence attributable to the gene itself. In other words,
the same association evidence is used repeatedly but is
assumed to be independent. To show that LD-based binn-
ing improves the concordance of results across studies,
Christoforou et al. present in their Table 4 the pairwise
correlations of the SNP ranks between studies (as deter-
mined by their p values) and, similarly, the correlation of
the gene ranks by comparing positional binning with
LD-based binning. However, as we have already explained,
these correlations between different studies arise mostly
from the correlations among genes, and the fact that the
correlations with LD-based binning have a higher signifi-
cance than the correlations with positional binning is
attributable solely to the increase in correlations among
genes caused by LD-based binning rather than to any
consistency of association results across studies.

To verify this conclusion, we randomly assigned the
WTCCC? 1,868 BP individuals and 2,938 common con-
trols to form two separate study groups, each comprising
2,403 individuals. In each study group, an individual
was randomly assigned as a case or control with equally
probability. Thus, there was no genetic contribution to
the phenotype in either study group. Quality control of
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Figure 1. Quantile-Quantile Plot of the Single-SNP Analysis

Using the 1,868 WTCCC BP Individuals and 2,938 Common
Controls Randomly Assigned to Case-Control Status
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Figure 2. Quantile-Quantile Plots after Positional Binning and LD-Based Binning Using the 1,868 WTCCC BP Individuals and 2,938
Common Controls Randomly Assigned to Case-Control Status

(A) Positional binning with no extension.

(B) Positional binning with 1 kb extension upstream and downstream of a gene.

(C) Positional binning with 10 kb extension upstream and downstream of a gene.

(D) LD-based binning with no extension (1* = 0.5).

(E) LD-based binning with 1 kb extension upstream and downstream of a gene (> = 0.5).
(legend continued on next page)
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Table 1.

Mean Spearman Rank Correlation, Based on 280 Replications, between Study Groups 1 and 2

LD-Based Binning

Positional Binning

Bins Defined by r? = 0.5 Cutoff

Bins Defined by r? = 0.8 Cutoff

Mean Spearman Median of Mean Spearman Median of Mean Spearman Median of
Rank r (SEM) p Values Rank r (SEM) p Values Rank r (SEM) p Values
Gene Level
0 kb window 0.045 (0.01) 9.51 x 1078 0.085 (0.011) 7.33 x 10734 0.09 (0.011) 1.35 x 1073
1 kb window 0.041 (0.009) 6.86 x 1078 0.089 (0.011) 1.10 x 10°%° 0.093 (0.01) 1.69 x 107>°
10 kb window 0.045 (0.009) 1.58 x 10714 0.082 (0.012) 1.66 x 1074 0.089 (0.011) 9.15 x 10757
SNP Level 3 x 107° (0.003) 0.284 - - - -

Window sizes were extended either 0, 1, or 10 kb upstream and downstream of a gene. The following abbreviations are used: LD, linkage disequilibrium; and SEM,

standard error of the mean.

the genotype data was performed as in Feng and Zhu.* We
used PLINK® to calculate the association p value for each
SNP and then applied the LDsnpR software, developed
by Christoforou et al.," with the modified Sidak correction
as suggested in Christoforou et al. to obtain gene-based
p values in each bin. We did this for both the positional
and the LD-based binning approaches. We converted
the p values to corresponding chi-square values with 1
degree of freedom, and from these, we calculated the
genomic control value A. We varied the window size by
extending the gene size by 0, 1, and 10 kb both upstream
and downstream. For the LD-based binning method, we
also varied the cutoff r* by using 0.5 and 0.8. We observed
that both the SNP-level analysis (Figure 1) and the posi-
tional binning procedure give genomic control values
close to 1 (Figures 2A-2C). We also found that the LD-
based binning approach results in substantially smaller
medians of test statistics; A ranged from 0.643 to 0.716
for different LD levels and window sizes (Figures 2D-2I).
We explain below that these small A values for LD-based
binning are probably caused by overcorrection for
multiple tests at the gene level with the use of the modi-
fied Sidak correction, which does not properly correct for
linkage disequilibrium among SNPs in a bin. These small
values are also probably caused by the same SNP being as-
signed to multiple genes and the subsequent increased
correlation among genes.

Out of concern for statistical noise, we performed 280
replicate random assignments to case-control status of
the WTCCC BP cases and controls. Because there was no
association between any of the genes and the phenotype,
we expected there to be no pairwise correlation of the
gene-based p values between the two study groups in these
simulated data. However, we observed an association
(Table 1) similar to that observed in their Table 4 (Table 2
in this letter) for both the positional and the LD-based
binning procedures. Although we observed significant

correlations for both methods, the results with LD-based
binning yielded correlations about twice as large as those
with positional-based binning (Table 1). We observed
smaller correlations at the SNP-level analysis (Table 1).
Among the 280 replications, we still observed 90 for which
the Spearman-rank-test p value was less than 0.05 at the
SNP level. It has been suggested that the WICCC BP
samples might have much higher rates of recent identity
by descent than do participants collected for the rest of
the WTCCC cohorts,® and this could cause such an associ-
ation. We therefore studied two groups each comprising
the same 4,806 individuals and randomly assigned disease
status in each. We calculated the p value for each SNP in
each group and the Spearman rank correlation between
their ranks in the two groups in exactly the same way.
When we did this, we did not observe an increased
Spearman rank correlation, suggesting that the observed
correlation at the SNP-level analysis was not caused by
any cryptic relatedness in the WITCCC BP data. Thus,
this association is most likely due to the linkage disequilib-
rium among SNPs.

For positional-based binning, the observed correlation
was due to (1) the correlation among genes induced by
linkage disequilibrium among SNPs and (2) inaccurate
modification of the Sidak correction. The first reason is
similar to what occurs in the SNP-level analysis. Regarding
the second reason, the modified Sidak correction replaces
the number of SNPs in a bin, m, with (m + 1) / 2 to adjust
for linkage disequilibrium.? This modified correction
might be either liberal or conservative in the calculation of
a gene-based p value, which only depends on the linkage
disequilibrium among SNPs. As a result, a gene can consis-
tently either improve or drop in rank across studies, and
this leads to a pairwise rank correlation between studies.
However, the excess of correlation observed in LD-based
binning is caused largely by the uncorrected assignment
of a SNP to multiple genes.

(F) LD-based binning with 10 kb extension upstream and downstream of a gene 2 =0.5).

(G) LD-based binning with no extension % =0.8).

(H) LD-based binning with 1 kb extension upstream and downstream of a gene (% =0.8).
(I) LD-based binning with 10 kb extension upstream and downstream of a gene (% =0.8).
The small A values in (D-I) are caused by substantially more observed p values close to 1.
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Table 2.

Pairwise Concordance between GWASs at the SNP and Gene Levels

WTCCC versus TOP

WTCCC versus German

TOP Imputed versus German

TOP versus German Imputed

SNP level 0.0066 (0.00018) 0.0037 (0.31)

Gene level (positional binning) 0.030 (1.78 x 1077)

Gene level (LD-based binning) 0.077 (<2.2 x 10719)

~0.0017 (0.78)

0.027 (7.24 x 1077)

—0.0018 (0.51) —0.00023 (0.83)

0.023 (4.78 x 107%) 0.068 (<2.2 x 10719

0.053 (<2.2 x 1071 0.098 (<2.2 x 10719

This table was adapted from Table 4 in Christoforou et al., 2012." The Spearman rank correlation and p value (in parentheses) are shown for each pairwise compar-
ison. The following abbreviations are used: WTCCC, Welcome Trust Case Control Consortium; TOP, Norwegian Thematically Organized Psychosis; and LD,

linkage disequilibrium.

In summary, we conclude that LD-based binning will
most likely “discover” gene correlations that are due to
the way the SNPs are assigned to genes rather than
improve the interpretation of GWASs. Therefore, LD-based
binning, as implemented in LDsnpR, will have a negative
impact on subsequent genetic and functional studies,
and this method should not be used. For example, suppose
that an initial pathway analysis detects genes associated
with a phenotype by using the LD-based binning proce-
dure. A similarly performed replication analysis using
independent samples might detect the same genes associ-
ated with the phenotype. However, this replication might
be attributed to the spurious correlation caused by apply-
ing LD-based binning. Thus, we suggest that this method
not be used in practice. Caution should also be taken
when the positional-binning approach is used, especially
regarding correlations caused by LD; these correlations
can be addressed in various ways.”™ It should be pointed
out that our study does not deny the usefulness of
binning-based methods for pathway analyses. However,
better methods for obtaining gene-level or pathway-level
association evidence are still needed in practice.
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Web Resources
The URL for data presented herein is as follows:

LDsnpR, http://services.cbu.uib.no/software/ldsnpr
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